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Prefazione
Per rispetto alla nostra Nazionalità e lingua di origine pare necessario una breve giustificazione, come
quasi a chieder venia, della scelta dell’Inglese quale mezzo linguistico di espressione per questa
sintesi delle pubblicazioni scientifiche. In realtà, il cuore e desiderio porterebbero altrove, a quel culto
dell’italiano applicato che ci fu insegnato e richiesto a scuola. Tuttavia l’ingegneria è l’arte del “saper
fare”, del “know-how”, per cui non può fare a meno di un sano pragmatismo. Così, come la Chiesa
da secoli fa ricorso al Latino quale forma conosciuta di linguaggio universale, come sin dai tempi di
Shakespeare l’Italiano era usato persino nelle corti d’oltre Manica per citazioni erudite o solamente
‘cortesi’, come il grande Sir Isaac Newton, nume tutelare dell’Illuminismo scientifico britannico,
scrisse i suoi noti Philosophiae naturalis principia mathematica (London, 1687) nella lingua latina
dei letterati dell’epoca, come ancora nel XIX secolo (con Helmholtz, Hertz, Mach) il Tedesco fu il
veicolo mediatico di eccellenza, allo stesso modo si può oggi affermare – senza pericolo di smentite
– che sia l’Inglese a rappresentare il linguaggio della divulgazione e della ricerca scientifica
Internazionale. Ed a questa convenzione importata e tuttavia ‘leggera’ chi scrive intende adeguarsi
ben più che volentieri, nella ferma convinzione che il patrimonio scientifico e tecnologico sia
universale e tale destinato a rimanere sempre, finché vi saranno la storia, l’uomo e la società. Il fine
rimane in ultima istanza uno solo: la trasmissione – sovranazionale – del lavoro che si è svolto presso
un pubblico il più largo possibile, ancorché inevitabilmente legato ai paradigmi di una letteratura
specialistica come quella da noi qui succintamente presentata.

Preface
With the highest respect for our Nationality and native language, a short justification seems to be
necessary, as almost to ask forgiveness, for the choice of English as a linguistic mean of expression
for this synthesis of scientific publications. In reality, the heart and desire would lead elsewhere, to
that cult of applied Italian that was taught and required at school. However, engineering is the art of
"know-how", which requires some dose of healthy pragmatism. Thus, as the Church has been using
Latin for centuries as a known form of universal language, as in the time of Shakespeare, Italian was
used even in the British courts for erudite or just 'courtesy' quotations, like the great Sir Isaac Newton,
who wrote his well-known Philosophiae naturalis principia mathematica (London, 1687) in the latin
language of the literati of that time, as in the 19th century (with Helmholtz, Hertz, Mach) the German
was the science language of excellence, in the same way we can now affirm - without risk of denial
- that English is the language of International scientific research. And to this imported and yet 'light'
convention, the writer intends to adapt more than willingly, in the firm conviction that the scientific
and technological heritage is universal and destined to remain always, as long as history, man and
society will be. Actually, there is only one aim: the transmission - supranational - of the achievements
reached to an audience as wide as possible, even if inevitably linked to the paradigms of a specialized
reading such as the one summarised here.
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1998
American Society Mechanical Engineers, International Gas Turbine Institute (ASMEIGTI), Cycle Innovations Committee, 1998 Best Paper Award - Paper: Internal
Reforming Solid Oxide Fuel Cell-Gas Turbine Combined Cycles (IRSOFC-GT)- Part
A Cell Model and Cycle Thermodynamic Analysis" ASME Paper 98-GT-577, Authors:
A.F. Massardo, F. Lubelli.
2000
American Society Mechanical Engineers, International Gas Turbine Institute (ASMEIGTI), Cycle Innovations Committee, 2000 Best Paper Award - Paper: "Assessment
of Molten Carbonate Fuel Cell Models and Integration with Gas abd Steam Turbines"
ASME Paper 2000-GT-0174, Authors: A.F. Massardo, B. Bosio.
2002
American Society Mechanical Engineers, International Gas Turbine Institute (ASMEIGTI), Cycle Innovations Committee, 2002 Best Paper Award - Paper:
"Thermoeconomic Analysis of Gas Turbine Plants with Fuel Decarbonization and
carbon Dioxide Sequestration" ASME Paper GT-2002-30120, Authors: M. Bozzolo,
M. Brandani, A. Traverso,A.F. Massardo.
2003
American Society Mechanical Engineers, International Gas Turbine Institute (ASMEIGTI), Cycle Innovations Committee, 2003 Best Paper Award - Paper: "Design and
Off-Design Analysis of a MW Hybrid System Based on Rolls-Royce Integrated Planar
SOFC" ASME Paper GT-2003-38220, Authors: L. Magistri, M. Bozzolo, O.
Tarnowski, G. Agnew, A.F. Massardo.
2004
Leonardo Torbidoni, John H. Horlock, American Society Mechanical Engineers,
International Gas Turbine Institute (ASME-IGTI), Cycle Innovations Committee, 2004
Best Paper Award - Paper: "A New Method to Calculate the Coolant Requirements
of a High Temperature Gas Turbine Blade" ASME Paper GT2004-53729.
2006
Leonardo Torbidoni, John H. Horlock, The Donald Julius Groen Prize, 2006, for their
paper "Turbine blade cooling: the blade temperature distribution".
American Society Mechanical Engineers, International Gas Turbine Institute (ASMEIGTI), Cycle Innovations Committee, 2006 Best Paper Award - Paper: "Experimental
Validation of an Unsteady Ejector Model for Hybrid Systems" ASME Paper GT-200690447, Authors: M. Ferrari, M. Pascenti, A.F. Massardo.
2007
A. Traverso, L. Magistri, Francesco Trasino, A.F. Massardo, American Society
Mechanical Engineers, International Gas Turbine Institute (ASME-IGTI), Cycle
Innovations Committee, 2007 Best Paper Award - Paper: "Time Characterisation of
the Anodic Loop of a Pressurised Solid Oxide Fuel Cell System" ASME Paper GT2007-27135.
2009
Francesco Trasino, Michele Bozzolo, Loredana Magistri, Aristide F. Massardo,
American Society Mechanical Engineers, International Gas Turbine Institute (ASMEIGTI), Cycle Innovations Committee, 2009 Best Paper Award - Paper: "Modelling
and performance analysis of the Rolls-Royce fuel cell systems limited 1 MW plant"
ASME Paper GT2009-59328.
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2014
Paolo Pezzini, David Tucker, Alberto Traverso, American Society Mechanical
Engineers, International Gas Turbine Institute (ASME-IGTI), Cycle Innovations
Committee, 2013 Best Paper Award - Paper: "Avoiding Compressor Surge During
Emergency Shut-Down Hybrid Turbine Systems", ASME Paper GT2013-94810.
Mario L. Ferrari, Matteo Pascenti, Alessandro Sorce, Alberto Traverso, Aristide F.
Massardo, Applied Energy, ICAE 2013 Best Paper Award - Paper: "Real-time tool
for management of smart polygeneration grids including thermal energy storage",
published in Applied Energy (2014, Vol.130, pp.670-678).
2016
Award to the best paper of the "Supercritical CO2 cycles” Committee presented to
the conference ASME TURBO EXPO 2016, Seoul, South Korea. Winner article: F.
Lambruschini, E. Liese, S.E. Zitney, A. Traverso, “Dynamic Model of a 10 MW
Supercritical CO2 Recompression Brayton Cycle”, ASME Paper GT2016-56459.
2017
Alberto Traverso received the Best Paper Award from the Global Power Propulsion
Society for the paper "Gas Turbine Advanced Power Systems to improve SOFC
economic viability", presented at the GPPS Forum 2017, Zurich, Switzerland.
Award to the best paper of the "Cycle Innovations” Committee presented to the
conference ASME TURBO EXPO 2017, Charlotte, NC (USA). Winner article: M.L.
Ferrari, P. Silvestri, M. Pascenti, F. Reggio, A.F. Massardo, “Experimental Dynamic
Analysis on a T100 Microturbine Connected With Different Volume Sizes”, ASME
Paper GT2017-63579.
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2004
Thermodynamic cycles using thermal diluent, US Patent no. 7,416,137. Inventors:
Hagen, D. L.; Ginter, G.; Traverso, A.; Goheen, B.; McGuire, A.; Rankin, J.;
Massardo, A.; Klaus, R. L. Year: 2004. Ownership: VAST Power Systems Ltd.
2005
Non-intrusive Heater for fluids, Italian Patent no. 0001361914 (TO2005A000912).
Inventors: M.L. Ferrari, A.F. Massardo, M. Pascenti, A. Traverso. Year: 2005.
Ownership: Università degli Studi di Genova
PIROSTATO: reactor for thermal decomposition of biomass into several final
products, Italian patent application no. GE2005A000091. Inventors: A. Traverso.
Year: 2005. Ownership: TERMEX SpA.
Turbovir: physical simulation of turbomachinery with real-time software models,
Italian patent application no. GE2005A000092. Inventors: A. Traverso, M. Pascenti,
M. Ferrari, A.F. Massardo. Year: 2005- Ownership: Università degli Studi di Genova.
2008
Metodo per la stime delle condizioni di degrado del ciclo “bottoming” di un impianto
a ciclo combinato, Italian patent application no. MI2008A002359. Inventors: R.
Bittarello, P. Levorato, C. Penno, S. Cafaro, A. Traverso. Year: 2008. Ownership:
ANSALDO Energia Spa.
2010
Full RAIN: metodo per il controllo termo-barico di motore a combustione interna
mediante iniezione di diluente termico, Italian Patent no. 0001399604. Inventors: A.
Traverso. Year: 2010. Ownership: A. Traverso.
Sistemi per la sintesi di combustibili gassosi e liquidi da elettrolizzatore integrato con
sistema per la decomposizione termica in ossigeno di biomasse e/o carbone. Italian
patent application no. GE2010A000115. Inventors: A.F. Massardo, G. Olcese,M.
Rivarolo. Year: 2010. Ownership: A.F. Massardo.
2011
“Seaspoon: dispositivo per la conversione energetica del moto ondoso del pelo libero
di liquidi”- Italian patent 1405004 (GE2011A000020). Inventors: A. Traverso, L. Di
Fresco. Year: 2011. Ownership: A. Traverso, L. Di Fresco
2012
Thermodynamic cycles using thermal diluent, US Patent no. 8,136,740. Inventors:
Hagen, D. L.; Ginter, G.; Traverso, A.; Goheen, B.; McGuire, A.; Rankin, J.;
Massardo, A.; Klaus, R. L. Year: 2012. Ownership: VAST Power Portfolio LLC.
2013
Dispositivo per la gestione di fonte termica non programmabile, Italian patent
application GE2013A000118. Inventors: S. Barberis, M. Porta, A. N. Traverso, A.
Traverso, A. Spoladore. Year: 2013. Ownership: S. Barberis, M. Porta, A. N.
Traverso, A. Traverso, A. Spoladore.
2014
Thermodynamic cycles using thermal diluent, US Patent no. 8,631,657. Inventors:
Hagen, D. L.; Ginter, G.; Traverso, A.; Goheen, B.; McGuire, A.; Rankin, J.;
Massardo, A.; Klaus, R. L. Year: 2014. Ownership: VAST Power Portfolio LLC.
2015
Dispositivo per la conversione energetica delle onde gravitazionali di liquidi e suo
metodo di funzionamento – Italian patent no. 102015000054666. Inventors: A.
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Traverso, L. Di Fresco, V. Santamaria, G. De Benedetti, M. Fasce, M. Castellanelli,
C. Carraro. Year: 2015. Ownership: A. Traverso, L. Di Fresco.
2016
Turboespansore a strato limite e macchina a ciclo inverso provvista di tale
turboespansore. Italian Patent application no. 102016000132467. Inventors: A.
Traverso, R. Spezia, S. Barberis, L. Larosa, P. Silvestri. Year: 2016. Ownership:
H2Boat Scarl.
Method and apparatus for thermal control in a fuel cell – World patent application
WO 2016120609 A1. Inventors: Michele Bozzolo, Alberto Traverso, Adam Pierce.
Year: 2016. Ownership: LG Fuel Cell Systems Inc.
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1998
A. Agazzani, A.F. Massardo, C.A. Frangopoulos, 1998, “Environmental Influence on
the Thermoeconomic Optimization of a Combined Plant with NOx Abatement”,
ASME Transactions, Journal of Engineering for Gas Turbine and Power, July, 120,
pp.557-565.
G.L. Arnulfi, F. Ghiglino, A.F. Massardo, 1998, “Comparison Between Complete
Hilbert Transform and Simplified Solutions of the Moore Rotating Stall Model”,
ASME Transactions, Journal of Turbomachinery, July, Vol. 120, pp.446-453.
P. Costamagna, P. Costa, V. Antonucci, 1998, “Micro-Modelling of Solid Oxide Fuel
Cell Electrodes”,Electrochimica Acta, vol. 43, no. 3-4, pp. 375-394, PergamonElsevier Science Ltd, Oxford, UK.
P. Costamagna, P. Costa, E. Arato, 1998, “Some More Considerations on the
Optimization of Solid Oxide Fuel Cell Electrodes”, Electrochimica Acta, vol. 43, no.
8, pp. 967-972, Pergamon-Elsevier Science Ltd., Oxford, UK.
B. Bosio, P. Costamagna, F. Parodi, B. Passalacqua, 1998, “Industrial Experience
on the Development of the Molten Carbonate Fuel Cell Technology”, Journal of
Power Sources, vol. 74, no. 2, pp. 175-187, Elsevier Science, Losanna.
P. Costamagna, K. Honegger, 1998, “Modeling of Solid Oxide Heat Exchanger
Integrated Stacks and Simulation at High Fuel Utilization”, Journal of the
Electrochemical Society, vol. 145, no. 11, pp. 3995-4007, The Electrochemical
Society Inc., Pennington, NJ, USA.
B. Bosio, E. Arato, P. Costamagna, F. Parodi, 1998, “Sviluppo di tecnologie di celle
a combustible”, ICP Rivista dell’Industria Chimica, anno XXVI, no. 12, pp. 252-255,
ERIS C.T. S.r.l., Milano.
1999
A.F. Massardo, 1999, “Gas Turbine Power Stations”, John Wiley Encyclopedia of
Electronic and Electrical Engineering, New York, J. Webster Ed., March 1999, Vol.8,
pp. 258-270.
A. Agazzani, A.F. Massardo, T. Korakianitis, 1999, “An Assessment of the
Performance of Closed Cycles with and Without Heat Rejection at Cryogenic
Temperatures”, ASME Transactions, Journal of Engineering for Gas Turbines and
Power, Vol.121, July 1999, pp.458-465.
C. Cravero, C. Giusto, A.F. Massardo, 1999, “Experimental Analysis of Fluid Flow
and Surface Heat Transfer in a Three-Pass Trapezoidal Serpentine Smooth
Passage”, Journal of Aircraft Engineering and Aerospace Technology, Vol. 71, pp.
143-153.
G.L. Arnulfi, P. Giannattasio, C. Giusto, A.F. Massardo, D. Micheli, P. Pinamonti,
1999, “Multistage Centrifugal Compressor Surge Analysis. Part I: Experimental
Investigation”,ASME Transactions, Journal of Turbomachinery, Vol. 121, April 1999,
pp. 305-311.
G.L. Arnulfi, P. Giannattasio, C. Giusto, A.F. Massardo, D. Micheli, P. Pinamonti,
1999, “Multistage Centrifugal Compressor Surge Analysis; Part II: Numerical
Simulation and Dynamic Control Parameters Evaluation”, ASME Transactions,
Journal of Turbomachinery, Vol. 121, April 1999, pp. 312-320.
B. Bosio, P. Costamagna, F. Parodi, 1999, “Modeling and Experimentation of Molten
Carbonate Fuel Cell Reactors in a Scale-up Process”, Chemical Engineering
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20
21
22
23
24

25

26
27

Science, vol. 54, no. 13-14, pp. 2907-2916, Pergamon-Elsevier Science Ltd.,
Oxford, UK, July 1999.
P. Costamagna, E. Arato, G. Cerisola, M. Panizza, A. Barbucci, 1999,
“Considerations on the Optimization of Cermet Solid Oxide Fuel Cell Electrodes:
Theoretical and Experimental Aspects”, in Innovative Materials in Advanced Energy
Technologies, (P. Vincenzini Editor), ISBN 88-86538-25-1, pp. 47-54, Techna S.r.l.,
Firenze.
2000
R. Borchiellini, A.F. Massardo, M. Santarelli, 2000, “An Analytical Procedure for the
Carbon Tax Evaluation”, Energy Conversion and Management Journal, Vol. 41,
pp.1509-1531.
M. Santarelli, R. Borchiellini, A.F. Massardo, 2000, “Carbon Tax vs. CO2
Sequestration Effects on Environomic Analysis of Existing Power Plants”, Journal of
Energy Resources Management, Vo.43, pp. 1425-1443.
A.F. Massardo, F. Lubelli, 2000, “Internal Reforming Solid Oxide Fuel Cell – Gas
Turbine Combined Cycles (IRSOFC-GT). Part A: Cell Model and Cycle
Thermodynamic Analysis”, ASME Transactions, Journal of Engineering for Gas
Turbines and Power, January 2000, Vol. 122, pp. 27-35. BEST PAPER AWARD.
A.F. Massardo, M. Scialo’, 2000, “Thermoeconomic Analysis of Gas Turbine Based
Cycles”, ASME Transactions, Journal of Engineering for Gas Turbines and Power,
Vol. 122, pp. 664-671.
R. Borchiellini, A.F. Massardo, M. Santarelli, 2000, “A Carbon Tax Evaluation Based
on the Efficient Use of Energy Resources”, International Journal for Applied
Thermodynamics, Vol. 3, No. 3, pp. 129-145.
2001
P.Costamagna, L. Magistri, A.F.Massardo, 2001, “Design and part load
performance of a hybrid system based on a solid oxide fuel cell reactor and a micro
gas turbine”, Journal of Power Sources 96 (2001) 352-368.
A.F. Massardo, 2001 “Cogeneration”, John Wiley Encyclopedia of Electronic and
Electrical Engineering, New York, J.Webster Ed., March 2001
P. Costamagna, 2001, “Transport Phenomena in Polymeric Membrane Fuel Cells”,
Chemical Engineering Science, vol. 56, pp. 323-332, Oxford, UK: Pergamon,
Elsevier Science Ltd., February 2001.
P. Costamagna, S. Srinivasan, 2001, “Quantum Jumps in the PEMFC Science and
Technology from the 1960s to the year 2000. Part I – Fundamental Scientific
Aspects”, Journal of Power Sources, vol. 102, pp. 243-253.
P. Costamagna, S. Srinivasan, 2001, “Quantum Jumps in the PEMFC Science and
Technology from the 1960s to the year 2000. Part II – Engineering, Technology
Development and Application Aspects”, Journal of Power Sources, vol. 102, pp.
254-270.
C. Yang, P. Costamagna, S. Srinivasan, J. Benziger, A.B. Bocarsly, 2001,
“Approaches and Technical Challenges to High Temperature Operation of Proton
Exchange Membrane Fuel Cells”, Journal of Power Sources, vol. 103, pp. 1-9.
2002
A. Traverso, A. F. Massardo, 2002, “Thermoeconomic Analysis of Mixed Gas-Steam
Cycles”, Applied Thermal Engineering, Elsevier Science, 22 (2002), 1-21.
A. Bosio, A.F. Massardo, 2002, “Assessment of Molten Carbonate Fuel Cell Models
and Integration with Gas and Steam Cycles”,ASME Transactions, Journal of
Engineering for Gas Turbines and Power , Vol. 124, pp. 103-109. BEST PAPER
AWARD IGTI-ASME.
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30

31

32
33

34

35
36

37
38
39
40

41

C. Mc-Donald, A.F. Massardo, T.Korakianitis, 2002, “Microturbine / Fuel-Cell
coupling for High-Efficiency Elettrical-Power Generation”, ASME Transactions,
Journal of Engineering for Gas Turbines and Power , Vol. 124, pp. 110-116.
P. Costamagna, C. Yang, A.B. Bocarsly, S. Srinivasan S. 2002, “Nafion
115/Zirconium Phosphate Composite Membranes for Operation of PEMFCs above
100°C”, Electrochimica Acta, vol. 47, no. 7, pp. 1023-1033, Oxford, UK: Pergamon,
Elsevier Science Ltd., 2002.
P. Costamagna, M. Panizza, G. Cerisola, A. Barbucci, 2002, “Effect of Composition
on the Performance of Cermet Electrodes. Experimental and Theoretical Approach”,
Electrochimica Acta, vol. 47, no. 7, pp. 1079-1089, Oxford, UK: Pergamon, Elsevier
Science Ltd., 2002.
A. Barbucci, R. Bozzo, G. Cerisola, P. Costamagna, 2002, “Characterisation of
Composite SOFC Cathodes using Electrochemical Impedance Spectroscopy.
Analysis of Pt/YSZ and LSM/YSZ Electrodes”,Electrochimica Acta, Vol.47, pp.
2183-2188.
P. Loezos, P. Costamagna, S. Sundaresan, 2002, “The role of Contact Stresses
and Wall Friction on Fluidization”, Chemical Engineering Science, Vol.57, pp. 51235141.
A. Traverso, 2002, “La Metodologia della Carbon Exergy Tax (CET): Proposta
Termoeconomica di Penalizzazione delle Emissioni Di CO2 e Generalizzazione ai
Sistemi Energetici”, Sistemi di Produzione di Energia Elettrica da Combustibili
Fossili ad Emissioni Fortemente Ridotte di CO2″, Editrice Esculapio, 2002.
L. Magistri , 2002, “Celle a Combustibile ad Ossidi Solidi e Microturbine a Gas:
Sistemi Ibridi ad Elevata Efficienza e Ridotte Emissioni Inquinanti”, Sistemi di
Produzione di Energia Elettrica da Combustibili Fossili ad Emissioni Fortemente
Ridotte di Biossido di Carbonio,Editrice Esculapio, 2002.
R. Borchiellini, A. F. Massardo, M. Santarelli, 2002, “Carbon tax vs CO2
sequestration e.ects on environomic analysis of existing power plants”, Energy
Conversion and Management, 43, pp. 1425-1443.
L. Magistri, P. Costamagna, A. F. Massardo, C. Rodgers, C. F. McDonald, 2002, “A
Hybrid System Based on a Personal Turbine (5 kW) and a Solid Oxide Fuel Cell
Stack: A Flexible and High Efficiency Energy Concept for the Distributed Power
Market”, Journal of Engineering for Gas Turbines and Power, Vol. 124, pp.850-857.
2003
J. Parente, A. Traverso, A. F. Massardo, 2003, “Saturator Analysis for an
Evaporative Gas Turbine Cycle”, Applied Thermal Engineering, Elsevier Science,
Vol.23, pp.1275-1293.
O. Grillo, L. Magistri, A. F. Massardo, 2003, “Hybrid systems for distributed power
generation based on pressurisation and heat recovering of an existing 100 kW
molten carbonate fuel cell”, Journal of Power Sources, Vol. 115(2), pp. 252-267.
A. Traverso, M. Santarelli, A. F. Massardo, M. Cali’, 2003, “A New Generalised
Carbon Exergy Tax: an effective rule to control global warming”, Journal of
Engineering for Gas Turbines and Power, Vol. 125, pp. 972-978.
M. Bozzolo, M. Brandani, A. F. Massardo, A. Traverso, 2003, “Thermoeconomic
Analysis of a Gas Turbine Plant with Fuel Decarbonisation and CO2 Sequestration”,
Journal of Engineering for Gas Turbines and Power, Vol. 125, pp. 947-953, BEST
PAPER AWARD IGTI-ASME.
A. Del Borghi, P. Costamagna, M. Del Borghi, 2003, “Per le celle a combustibile a
ossidi solidi si parte dell’analisi del ciclo di vita (LCA)”, Energia da fonti rinnovabili
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42
43
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46
47
48

49
50
51

52
53
54
55
56

(Supplemento di Ambiente e sicurezza n. 19), pp. 59-65, Il Sole 24 Ore S.p.A., 28
October 2003.
Massardo A. F., Magistri L., 2003, “Internal Reforming Solid Oxide Fuel Cell Gas
Turbine Combined Cycles (IRSOFC-GT)Part II: Exergy and Thermoeconomic
Analyses”, Journal of Engineering For Gas Turbine and Power, Vol. 125, p 67-74.
A. Massardo, M. Santarelli, R. Borchiellini, 2003, “Carbon Exergy Tax (CET): Impact
on Conventional Energy Systems Design and Its Contribution to Advanced Systems
Utilisation”, Energy, 28(7):607-625.
P. Costamagna, G. Vittori, P. Blondeaux, 2003, “Coherent Structures in Oscillatory
Boundary Layers”, Journal of Fluid Mechanics, Vol.474, pp.1-33.
2004
Magistri L., Bozzo R. Costamagna P., Massardo A.F., 2004, “Simplified versus
Detailed SOFC Reactor Models and Influence on the Simulation of the Design Point
Performance of Hybrid Systems”, Journal of Engineering of Gas Turbines and
Power, Vol. 126, pp. 516-523.
M. De Francesco, P. Costamagna, 2004, “On the design of Electrochemical
Reactors for the Treatment of Polluted Water”, Journal of Cleaner Production, Vol.
12, n. 2, pp. 159-163, Pergamon-Elsevier Science Ltd., Oxford, UK.
F. Marsano, L. Magistri, A. F. Massardo, 2004, “Ejector performance influence on a
solid oxide fuel cell anodic recirculation system”, Journal of Power Sources, Vol.
129, pp. 216-228.
A. Bottino, G. Capannelli, A. Comite, A. Del Borghi, R. Di Felice, 2004, “Catalytic
ceramic membrane in a three-phase reactor for the competitive hydrogenationisomerisation of methylenecyclohexane”, Separation and Purification Technol, 34(13), 239-246.
A. Bottino, G. Capannelli, F. Cerutti, A. Comite, and R. Di Felice, 2004, “Inorganic
membrane reactors for the gas phase partial oxidation of toluene”, Chem. Eng. Res.
Des., 82(A2), 229-235.
M. Zilli, D. Daffonchio, R. Di Felice, M. Giordani and A. Converti, 2004, “Treatment
of benzene-contaminated airstreams in laboratory-scale biofilters packed with raw
and sieved sugarcane bagasse and with peat”, Biodegradation, 15 (2004) 87-96.
L. Torbidoni, A. F. Massardo, 2004, “Analytical Blade Row Cooling Model for
Innovative Gas Turbine Cycle Evaluations Supported by Semi-Empirical Air-Cooled
Blade Data”, Journal of Engineering for Gas Turbine and Power, Vol.126, pp.498506.
F. Zanzarsi, A. Traverso, A. Massardo, F. Rosatelli, 2004, “Ottimizzazione
termoeconomica di recuperatori per cicli a microturbine a gas. Prima parte:
approccio analitico”, CH4 Energia Gas, Vol. 5, pp. 50-58.
F. Zanzarsi, A. Traverso, A. Massardo, F. Rosatelli, 2004, “Ottimizzazione
termoeconomica di recuperatori per cicli a microturbine a gas. Seconda parte:
analisi dei risultati”, CH4 Energia Gas, Vol. 5, pp. 30-35.
M. De Francesco, P. Costamagna, 2004, On the design of Electrochemical Reactors
for the Treatment of Polluted Water, Journal of Cleaner Production, Vol. 12, n. 2,
pp. 159-163.
P. Costamagna, A. Selimovic, M. Del Borghi, G. Agnew, 2004, "Electrochemical
Model of the Integrated Planar Solid Oxide Fuel Cell (IP-SOFC)", Chemical
Engineering Journal, Vol. 102, n. 1, pp. 61-69..
P. Costamagna, 2004, "High Temperature Solid Oxide Fuel Cells Fundamentals,
Design and Applications", by S.C. Singhal and K. Kendall (Eds.), Electrochimica
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71

Acta, Vol. 49, no. 26, pp. 4799-4800, Pergamon-Elsevier Science Ltd., Oxford, UK
.
P. Costamagna, F. Cerutti, R. Di Felice, G. Agnew, M. Bozzolo, R. Collins, R.
Cunningham, O. Tarnowski, 2004, Production and Utilization of H2 in a Reforming
Reactor Coupled to an Integrated Planar Solid Oxide Fuel Cell (IP-SOFC):
Simulation Analysis, in Chemical Engineering Transactions, vol. 4, (S. Pierucci Ed.),
ISBN 88-900775-3-0, pp. 81-86, AIDIC Servizi S.r.l., Milano (Italy).
2005
L. Magistri, A. Traverso, F. Cerutti, M. Bozzolo, P. Costamagna, A. F. Massardo,
2005, “Modelling of Pressurised Hybrid Systems Based on Integrated Planar Solid
Oxide Fuel Cell (IP-SOFC) Technology”, Fuel Cells, Topical Issue “Modelling of Fuel
Cell Systems”, Vol. 1, Issue 5, pp.80-96, WILEY-VCH.
T. Korakianitis, J. Grantstrom, P. Wassingbo, A. F. Massardo, 2005, “Parametric
Performance of Combined-Cogeneration Power Plants With Various Power and
Efficiency Enhancements”, Journal of Engineering of Gas Turbines and Power,
Vol.127, pp. 65-72.
A. Traverso, F. Calzolari, A.F. Massardo, 2005, “Transient Behaviour of and Control
System for Micro Gas Turbine Advanced cycles”, Journal of Engineering of Gas
Turbines and Power, Vol.127, pp. 340-347.
A. Traverso, A. F. Massardo, 2005, “Optimal design of compact recuperators for
microturbine application”, Applied Thermal Engineering, Elsevier Science, Vol. 25,
pp.2054-2071.
F. Zanzarsi, A. Traverso, A.F. Massardo, F. Rosatelli, 2005, “Ottimizzazione
termoeconomica di recuperatori per cicli a microturbine a gas. Seconda parte:
analisi dei risultati”, CH4 Energia Gas, Vol. 1, pp. 30-35.
F. Zanzarsi, A. Traverso, A.F. Massardo, F. Rosatelli, 2005, “Ottimizzazione
termoeconomica di recuperatori per cicli a microturbine a gas. Terza parte: analisi
dei risultati”, CH4 Energia Gas, Vol. 2, pp. 36-40.
A. Traverso, A. Bosio, R. Scarpellini, 2005, “Analisi teorico-sperimentale di cicli a
microturbina in combustione esterna. Studio teorico ed impianto pilota (Parte 1)”,
LaTermotecnica, Giugno 2005, pp. 77-83.
A. Traverso, A. Bosio, R. Scarpellini, 2005, “Analisi teorico-sperimentale di cicli a
microturbina in combustione esterna. Risultati sperimentali e validazione del
modello in transitorio (Parte 2)”, LaTermotecnica, Luglio/Agosto 2005, pp. 82-88.
M. L. Ferrari, A. Traverso, L. Magistri, A. F. Massardo, 2005, “Influence of the Anodic
Recirculation Transient Behaviour on the SOFC Hybrid System Performance”,
Journal of Power Sources, Vol. 149, pp. 22-32.
A. Bottino, G. Capannelli, A. Comite, R. Di Felice, 2005, “Vapour phase oxidation of
toluene in V/Al2O3-TiO2 catalytic reactors”, Catalysis Today, Vol. 99, pp. 171-177.
R. Di Felice, 2005, “Liquid circulation rates in two- and three-phase external airlift
reactors”, Chemical Engineering Journal, Vol. 109, pp. 49-55.
R. Di Felice, A. Bottino, G. Capannelli, A. Comite, and T. Di Felice, 2005, “Kinetics
of adiponitrile hydrogenation over rhodium-alumina catalysts”, Int. J. Chemical
Reactor Engineering, Vol. 3, A34.
A. Bottino, G. Capannelli, A. Comite, and R. Di Felice, 2005, “Oxygen transfer to cell
culture by membrane diffusers”, Chem. Biochem. Eng. Q., Vol. 19, pp. 303-307.
L. Torbidoni and J. H. Horlock, “A New Method to Calculate the Coolant
Requirements of a High-Temperature Gas Turbine,” ASME - J. Turbomach., vol.
127, pp. 191–199, 2005.
2006
11

72
73
74

75
76
77
78
79
80

81
82
83
84
85
86

87

88

D. Bernardi, 2006, “Quando l’Italia fa ricerca”, Hydrogen & Fuel-cell e-magazine,
n.21, Feb 2006.
L. Magistri, A. Traverso, A. F. Massardo, R. K. Shah, 2006, “Heat Exchangers for
Fuel Cell and Hybrid System Applications”, Journal of Fuel Cell Science and
Technology, Vol.3, pp.111-118.
A. Traverso, A. F. Massardo, R. Scarpellini, 2006, “Externally Fired micro-Gas
Turbine:
Modelling and experimental performance”, Applied Thermal Engineering, Elsevier
Science, 26, 1935-1941.
G. Agnew, D. Bernardi, R. Collins, R. Cunningham, 2006, “An internal reformer for
a pressurized SOFC system”, Journal of Power Sources, Vol. 157, pp. 832-836.
M. L. Ferrari, D. Bernardi, A. F. Massardo, 2006, “Design and Testing of Ejectors for
High Temperature Fuel Cell Hybrid Systems”, Journal of Fuel Cell Science and
Technology, Vol. 3, pp. 1-8.
A. Bottino, G. Capannelli, A. Comite, R. Firpo R. Di Felice and P. Pinacci, 2006,
“Separation of carbon dioxide from flue gases using membrane contactors”,
Desalination, Vol. 200, pp. 609-611.
P. Lettieri, R. Di Felice, R. Pacciani and O. Owoyemi, 2006, “CFD modelling of liquid
fluidized beds in slugging mode”, Powder Technology, Vol. 167, pp. 94-103.
A. Bottino, A. Comite, G. Capannelli, R. Di Felice and P. Pinacci, 2006, “Steam
reforming of methane in equilibrium membrane reactors for integration in power
cycles”, Catalysis Today, 118, 214-222.
R. Knight, M. Obana, C. von Wowern, A. Mitakakis, E. Perz, M. Assadi, B. F. Muller,
P. Sen, I. Potts, A. Traverso, L. Torbidoni, 2006, “GTPOM: Thermo-Economic
Optimisation Of Whole Gas Turbine Plant”, Journal of Engineering for Gas Turbines
and Power, Vol. 128, pp. 535-542.
L. Torbidoni and J. H. Horlock, “Turbine blade cooling : the blade temperature
distribution,” Proc. Inst. Mech. Eng. Part A J. Power Energy, vol. 220, pp. 343–353,
2006.
L. Torbidoni and J. H. Horlock, “Calculation of the Expansion Through a Cooled Gas
Turbine Stage,” ASME - J. Turbomach., Vol. 128, pp. 555–563, 2006.
2007
A. Traverso, A. F. Massardo, R. A. Roberts, J. Brower, S. Samuelsen, 2007, "Gas
Turbine Assessment for Air Management of Pressurised SOFC/GT Hybrid
Systems", ASME Journal of Fuel Cell Science and Technology, Vol. 4, pp. 373-383.
L.G. Gibilaro, K. Gallucci, R. Di Felice and P. Pagliai, 2007, “On the apparent
viscosity of a fluidised bed”, Chemical Engineering Science, Vol. 62, pp.294-300.
R. Di Felice and P. Pagliai, 2007, “The falling velocity of a large sphere in a
suspension of smaller spheres”, International Journal of Multiphase Flow, Vol.33,
pp.797-801.
M. L. Ferrari, E. Liese, D. Tucker, L. Lawson, A. Traverso, A. F. Massardo, 2007,
“Transient Model of the NETL Hybrid Fuel Cell/Gas Turbine Facility and
Experimental Validation”, ASME Transactions, Journal of Engineering for Gas
Turbine and Power, Vol. 129, pp.1012-1019.
M. L. Ferrari, A. Traverso, M. Pascenti, A. F. Massardo, 2007, “Early Syart-Up of
Solid Oxide Fuel Cells Hubrid Systems with Ejector Cathodic Recirculation:
Experimental Results and Model Verification”, Proc. IMechE, Vol. 221, Part A,
Power and Energy.
L. Magistri, M. Bozzolo, O. Tarnowsky, G. Agnew, A.F. Massardo, 2007, “Design
and Off-Design Analysis of a MW Hybrid System Based on Rolls-Royce Integrated
12

Planar Solid Oxide Fuel Cells”, Journal of Gas Turbines and Power, Vol. 129, pp.
792-797.
89 L. Marigo, F. Corsetti, A. F. Massardo, A. Traverso, 2007, Teleriscaldamento da
biomassa forestale: l’esperienza delle Valli Stura e Orba, Ambiente & Sicurezza sul
Lavoro, n. 9/07.
90 A. Traverso, R. Bertone, A. F. Massardo, 2007, “Transient modelling of a rotary-kiln
pyrolyser”, The Open Mechanical Engineering Journal, 2007, Vol.1, pp.1-13,
Bentham Science Publishers Ltd.
91 L. Repetto, G. Agnew, A. Del Borghi, F. Di Benedetto, P. Costamagna, 2007,
“Detailed Simulation of the Ohmic Resistance of Solid Oxide Fuel Cells”, Journal of
Fuel Cell Science and Technology, Vol. 4, pp. 413-417.
92 M. Cannarozzo, S. Grosso, G. Agnew, A. Del Borghi, P. Costamagna, 2007, Effects
of Mass Transport on the Performance of Composite SOFC Electrodes, Journal of
Fuel Cell Science and Technology, Vol. 4, n. 1, pp. 99-106.
2008
93 A. Traverso, F. Trasino, L. Magistri, A. F. Massardo, 2008, “Time characterisation
of the anodic loop of a pressurized solid oxide fuel cell system”, Journal of
Engineering for Gas Turbines and Power, Vol.130, pp.021702-1/9. BEST PAPER
AWARD ASME-IGTI.
94 A. Franzoni, L. Magistri, A. Traverso, A.F. Massardo, 2008, “Thermoeconomic
analysis of pressurized hybrid SOFC systems with CO2 separation”, Energy, Vol.
33, Issue 2, pp. 311-320.
95 C.F. Mc Donald, A.F. Massardo, C. Rodgers, A. Stone 2008, "Recuperated gas
turbine aeroengines, part I: early development activities", Aircraft Engineering and
Aerospace Technology, Vol. 80, No. 2, pp. 139-157.
96 C.F. Mc Donald, A.F. Massardo, C. Rodgers, A. Stone 2008, "Recuperated gas
turbine aeroengines, part II: engine design studies following early development
testing", Aircraft Engineering and Aerospace Technology, Vol. 80, No. 3, pp. 280294.
97 P. Costamagna, S. Grosso, R. Di Felice, 2008, "Percolative Model of Proton
Conductivity of Nafion Membranes", Journal of Power Sources, vol. 178, no. 2, pp.
537-546.
98 A.A. Pedemonte, A. Traverso, A.F. Massardo, 2008, “Experimental analysis of
pressurised humidification tower for humid air gas turbine cycles. Part A:
Experimental campaign”, Applied Thermal Engineering, Vol. 28, pp. 1711-1725.
99 A.A. Pedemonte, A. Traverso, A.F. Massardo, 2008, “Experimental analysis of
pressurised humidification tower for humid air gas turbine cycles. Part B: Correlation
of experimental data”, Applied Thermal Engineering, Vol. 28, pp. 1623-1629.
100 C.F. Mc Donald, A.F. Massardo, C. Rodgers, A. Stone, 2008, "Recuperated gas
turbine aeroengines, part III: engine concepts for reduced emissions, lower fuel
consumption, and noise abatement". Aircraft Engineering and Aerospace
Technology, Vol. 80, No. 4, pp. 408-426.
101 M. Santin, A. Traverso, A. Massardo 2008, “Technological aspects of gas turbine
and fuel cell hybrid systems for aircraft: a review”, The Aeronautical Journal, Vol.
112, No. 1134.
102 M.L. Ferrari, M. Pascenti, A. F. Massardo, 2008, “Ejector Model for High
Temperature Fuel Cell Hybrid Systems: Experimental Validation at Steady-State
and Dynamic Conditions”, Journal of Fuel Cell Science and Technology, Vol. 5,
pp.041005_1-7.
13

103 J. H. Horlock and L. Torbidoni, “Calculations of Cooled Turbine Efficiency,” ASME J. Eng. Gas Turbines Power, vol. 130, no. 011703, pp. 1–5, 2008.
2009
104 M. Pascenti, M. L. Ferrari, S. Cafaro, 2009, “Emulatore celle a combustibile:
controllo dinamico temperatura e pressione stack, monitoraggio remoto impianto
ibrido con microturbina”, NIDays09, Forum tecnologico sulla progettazione grafica
di sistemi, pp. 109-111, Fiera Milano Editore.
105 F. Ghigliazza, A. Traverso, A. F. Massardo, J. Wingate, M. L. Ferrari, 2009, “Generic
Real-Time Modeling of Solid Oxide Fuel Cell Hybrid Systems”, Journal of Fuel Cell
Science and Technology, Vol. 6 / 021312-1.
106 M. Santin, A. Traverso, L. Magistri, 2009, “Liquid fuel utilization in SOFC hybrid
systems”, Applied Energy, Vol. 86, pp. 2204-2212.
107 F. Ghigliazza, A. Traverso , A. F. Massardo, 2009, Thermoeconomic impact on
combined cycle performance of advanced blade cooling systems, Applied Energy,
Vol. 86, Issue 10, pp. 2130-2140.
108 M. L. Ferrari, M. Pascenti, R. Bertone, L. Magistri, 2009, “Hybrid Simulation Facility
Based on Commercial 100 kWe Micro Gas Turbine”, Journal of Fuel Cell Science
and Technology, Vol. 6, pp. 031008_1-8.
109 S. Cafaro, A. Traverso, A.F. Massardo, 2009, Heat recovery steam generator
performance and degradation in a 400 MW combined cycle, Proc. IMechE Vol. 223
Part A: J. Power and Energy, pp. 369-378.
110 A. Franzoni, L. Galanti, A. Traverso, A. F. Massardo, 2009, “Integrated Systems for
Electricity and Hydrogen Co-production from Coal and Biomass”, Int. J. of
Thermodynamics, Vol. 12 (No. 2), pp. 97-104.
111 S. Cafaro, L. Napoli, A. Traverso, A.F. Massardo, 2009, Monitoring of the
thermoeconomic performance in an actual combined cycle power plant bottoming
cycle, Energy, Vol.35, pp. 902-910.
2010
112 M.L. Ferrari, M. Pascenti, L. Magistri, A. F. Massardo, 2010, “Micro gas turbine
recuperator: steady-state and transient experimental investigation”, Journal of
Engineering for Gas Turbines and Power, Vol. 132, pp. 022301-1.
113 M.L. Ferrari, M. Pascenti, L. Magistri, A. F. Massardo, 2010, “A Micro Gas Turbine
Based Test Rig for Educational Purposes”, Journal of Engineering for Gas Turbines
and Power, Vol. 132, pp. 024502-1.
114 M.L. Ferrari, M. Pascenti, L. Magistri, A. F. Massardo, 2010, “Hybrid System Test
Rig: Start-up and Shutdown Physical Emulation”, Journal of Fuel Cell Science and
Technology, Vol.7, pp.021005_1-7.
115 S. Cafaro , L. Napoli, A. Traverso, A. F. Massardo, 2010, “Monitoring of the
thermoeconomic performance in an actual combined cycle power plant bottoming
cycle”, Energy, Vol.35, pp.902–910.
116 A. Traverso, 2010, “Humidification tower for humid air gas turbine cycles:
Experimental analysis”, Energy, Vol.35, pp.894–901.
117 A. Traverso, L. Magistri, A. F. Massardo, 2010, “Turbomachinery for the air
management and energy recovery in fuel cell gas turbine hybrid systems”, Energy,
Vol.35, pp.764–777.
118 C. Strazza, A. Del Borghi, P. Costamagna, A. Traverso, M. Santin, 2010,
“Comparative LCA of methanol-fuelled SOFCs as auxiliary power systems on-board
ships”, Applied Energy, Vol.87, pp.1670–1678.

14

119 A. Traverso, L. Magistri, 2010, “Fuel Cell Gas Turbine Hybrid System”, Encyclopedia
of Energy Engineering and Technology, Taylor & Francis Group, LLC, New York,
Vol.1: 1, pp.1-8.
120 M. Santin, A. Traverso, L. Magistri, A.F. Massardo, 2010, “Thermoeconomic
analysis of SOFC-GT hybrid systems fed by liquid fuels”, Energy, Vol.35(2), pp.
1077-1083.
121 A. Traverso, F. Ghigliazza, S. Cocchi, S. Sigali, 2010, “Impact of Hydrogen
Combustion on Gas Turbine Blade Cooling. Part I: Model and Experimental
Validation.”, LaTermotecnica, Ottobre 2010, pp.69-73.
122 A. Traverso, F. Ghigliazza, S. Cocchi, S. Sigali, 2010, “Impact of Hydrogen
Combustion on Gas Turbine Blade Cooling. Part 2: Comparison of Methane and
Hydrogen Combustion”, LaTermotecnica, Novembre 2010, pp.73-77.
2011
123 Trasino F., Bozzolo M., Magistri L., Massardo A.F., 2011, “Modeling and
Performance Analysis of the Rolls-Royce Fuel Cell Systems Limited: 1 MW Plant”,
J. Eng. Gas Turbines Power, Vol.133(2), pp.021701_1-11.
124 M.L. Ferrari, M. Pascenti, L. Magistri, A. Massardo, 2011, “MGT/HTFC Hybrid
System Emulator Test Rig: Experimental Investigation on the Anodic Recirculation
System”, Journal of Fuel Cell Science and Technology, Vol. 8, pp. pp.021012_1-9.
125 L. Galanti, A. Franzoni, A. Traverso, A.F. Massardo, 2011, “Existing large steam
power plant upgraded for hydrogen production”, Applied Energy, Vol. 88, pp.15101518.
126 F. Arecco, M. Armiento, L. Bitto, G. Insabato, U. Locati, A. Traverso, 2011,
“Autorizzazione di impianti da fonti rinnovabili”, Ipsoa Indicitalia, Milano, pp. 240.
127 M. L. Ferrari, 2011, “Solid Oxide Fuel Cell Hybrid System: Control Strategy for
Stand-Alone Configurations”, Journal of Power Sources, Elsevier, Vol. 196(5), pp.
2682-2690.
128 F. Ghirardo, M. Santin, A. Traverso, A.F. Massardo, 2011, “Heat recovery options
for onboard fuel cell systems”, International Journal of Hydrogen Energy, Vol.36,
pp.8134-8142.
129 A. Fabbri, A. Traverso, S. Cafaro, 2011, “Compressor performance recovery
system: which solution and when”, Proc. IMechE, Vol. 225 Part A: J. Power and
Energy, Vol.225, pp.457-468.
130 F. Caratozzolo, A. Traverso, A. F. Massardo, 2011, “Implementation and
experimental validation of a modeling tool for humid air turbine saturators”, Applied
Thermal Engineering, Vol.31, pp.3580-3587.
131 L. Galanti, A. F. Massardo, 2011, “Micro gas turbine thermodynamic and economic
analysis up to 500 kWe size", Applied Energy, Vol.88, pp.4795–4802.
132 M. L. Ferrari, A. Sorce, M. Pascenti, A. F. Massardo, 2011, “Recuperator dynamic
performance: Experimental investigation with a microgas turbine test rig”, Applied
Energy, Vol.88, pp. 5090–5096.
133 K. Wang, D. Hissel, M.C. Péra, N. Steiner, D. Marra, M. Sorrentino, C. Pianese, M.
Monteverde, P. Cardone, J. Saarinen, 2011, “A review on solid oxide fuel cell
models”, International Journal of Hydrogen Energy, Vol.36(12), pp.7212-7228.
2012
134 A. Ferretti, A. Traverso, G.J. Saunders, M.A. Perna, A.F. Massardo, 2012,
“Transient Model Validation of a Desulfurizer and a Syngas Generator for High
Temperature Fuel Cells”, Journal of fuel cell science and technology, Vol. 9(1), pp.
011007.
15

135 M. Rivarolo, J. Bogarin, L. Magistri, A.F. Massardo, 2012, “Time-dependent
optimization of a large size hydrogen generation plant using “spilled” water at Itaipu
14 GW hydraulic plant”, International Journal of Hydrogen Energy, International
Journal of Hydrogen Energy, Volume 37, Issue 6, Pages 5434–5443.
136 M. Monteverde, L. Magistri, 2012, “Hydrogen from sodium borohydride and fossil
source: An energetic and economical comparison”, International Journal of
Hydrogen Energy, Vol. 37, Issue 6, pp. 5452–5460.
137 C. Guardamagna, A. Cavallari, V. Malvaldi, S. Soricetti, A. Pontarollo, B. Molinas,
D. Andreasi, S. Lo Russo, G. Capurso, L. Magistri, M. Monteverde, R. Nava, V.
Mazzanti, 2012, “Innovative Systems for Hydrogen Storage”, Advances in Science
and Technology Vol. 72 (2010) pp. 176-181.
138 A. Traverso, D. Tucker, C. Haynes, 2012, “Preliminary Experimental Results of
Integrated Gasification Fuel Cell Operation Using Hardware Simulation”, Journal of
Engineering for Gas Turbines and Power, Vol. 134, pp. 071701_1-10.
139 M. L. Ferrari, M. Pascenti, A. N. Traverso, A. F. Massardo, 2012, “Hybrid system
test rig: Chemical composition emulation with steam injection”, Applied Energy, Vol.
97, pp. 809–815.
2013
140 M. Rivarolo, A. Greco, A.F. Massardo, 2013, "Thermo-economic optimization of the
impact of renewable generators on poly-generation smart-grids including hot
thermal storage", Energy Conversion and Management, Vol. 65, pp. 75–83.
141 M. Rivarolo, , A.F. Massardo, 2013, "Optimization of large scale bio-methane
generation integrating “spilled” hydraulic energy and pressurized oxygen blown
biomass gasification", International Journal of Hydrogen Energy, Vol. 38, Issue 12,
pp. 4986–4996.
142 M. L. Ferrari, A. F. Massardo, 2013, “Cathode–anode side interaction in SOFC
hybrid systems”, Applied Energy, Vol.105, pp. 369–379.
143 L. Di Fresco, A. Traverso, 2013, “Ocean wave energy conversion: Seaspoon orbital
motion converter”, La Termotecnica, May, pp.67-71.
144 A. Martini, A. Sorce, A. Traverso, A. F. Massardo, 2013, “Data Reconciliation for
power systems monitoring: Application to a microturbine-based test rig”, Applied
Energy, Vol.111, pp.1152–1161.
145 F. Caratozzolo, M. L. Ferrari, A. Traverso, A. F. Massardo, 2013, “Emulator Rig for
SOFC Hybrid Systems: Temperature and Power Control with a Real-Time
Software”, Fuel Cells, Vol.13, pp.1123–1130.
2014
146 M. Rivarolo, L. Magistri, A.F. Massardo, 2014, "Hydrogen and methane generation
from large hydraulic plant: Thermo-economic multi-level time-dependent
optimization", Applied Energy, Vol. 113, pp. 1737–1745.
147 M. Rivarolo, S. Marmi, G.A.Riveros-Godoy, L. Magistri, 2014, "Development and
assessment of a distribution network of hydro-methane, methanol, oxygen and
carbon dioxide in Paraguay", Energy Conversion and Management, Vol.77, pp.680–
689.
148 M. L. Ferrari, A. Traverso, M. Pascenti, A. F. Massardo, 2014, “Plant management
tools tested with a small-scale distributed generation laboratory”, Energy
Conversion and Management, Vol.78, pp.105–113.
149 M. Rivarolo , D. Bellotti , A. Mendieta , A.F. Massardo, 2014, "Hydro-methane and
methanol combined production from hydroelectricity and biomass: Thermoeconomic analysis in Paraguay", Energy Conversion and Management, Vol.79, pp.
74–84.
16

150 S. Barberis, M. Porta, A.N. Traverso, A. Traverso, A.M. Ferrari, A. Paraboschi, 2014,
“Thermal Storage for Solar Hybridized Gas Turbines”, ASME Global News, Vol.53,
pp.49-51.
151 L. Banta, I. Rossi, A. Traverso, A.N. Traverso, 2014, "Advanced control of a real
smart polygeneration microgrid". Energy Procedia, Vol.61, pp. 274-277.
152 L. DiFresco, A. Traverso, 2014, “Energy conversion of orbital motions in gravitational
waves: Simulation and test of the Seaspoon wave energy converter”, Energy
Conversion and Management, Vol. 86, pp. 1164-1172.
153 M. L. Ferrari, M. Pascenti, A. Sorce, A. Traverso, A. F. Massardo, 2014, “Real-time
tool for management of smart polygeneration grids including thermal energy
storage”, Applied Energy, Vol. 130, pp.670-678.
154 S. Barberis, L. Di Fresco, V.A. Santamaria, A. Traverso, 2014, “Sustainable
entrepreneurship via energy saving: energy harvester exploiting seebeck effect in
traditional domestic boiler”, Entrepreneurship and Sustainability Issues, Vol. 2(2),
pp. 86-97.
155 A. Cuneo, M.L. Ferrari, A. Traverso, A.F. Massardo, 2014, “Sustainable district
development: a case of thermoeconomic optimization of an energy hub”,
Entrepreneurship and Sustainability Issues Vol. 2(2), pp. 74–85.
156 A. Cuneo, M.L. Ferrari, M. Pascenti, A. Traverso, 2014, “State of charge
estimation of thermal storages for distributed generation systems”, Energy
Procedia, Vol. 61, pp. 254-257.
157 A. Sorce, A. Greco, L. Magistri, P. Costamagna, 2014, "FDI oriented modeling of
an experimental SOFC system, model validation and simulation of faulty states",
Applied Energy 136, 894-908.
158 A. Greco, A. Sorce, R. Littwin, P. Costamagna, L. Magistri, 2014, "Reformer faults
in SOFC systems: Experimental and modeling analysis, and simulated fault
maps", International Journal of Hydrogen Energy 39 (36), 21700-21713.
2015
159 L. Larosa, A. Traverso, M.L. Ferrari, V. Zaccaria, 2015, “Pressurized SOFC hybrid
systems: control system study and experimental verification”, Journal of
Engineering for Gas Turbines and Power, Vol. 137, pp. 031602-1/8.
160 P. Pezzini, S. Celestin, D. Tucker, 2015, “Control Impacts of Cold-Air Bypass on
Pressurized Fuel Cell Turbine Hybrids”, J. Fuel Cell Science Technology, Vol.
12(1), pp.011006_1-8.
161 N. Zhoua, C. Yanga, D. Tucker, P. Pezzini, A. Traverso, 2015, “Transfer function
development for control of cathode airflow transients in fuel cell gas turbine hybrid
systems”, International Journal of Hydrogen Energy, Vol. 40, pp. 1967–1979.
162 D. Bellotti, M. Rivarolo, L. Magistri, A.F. Massardo, 2015, “Thermo-economic
comparison of hydrogen and hydro-methane produced from hydroelectric energy
for land transportation”, International Journal of Hydrogen Energy, Vol. 40,
pp.2433–2444.
163 U.M. Damo, M.L. Ferrari, A. Turan, A.F. Massardo, 2015, “Test Rig for Hybrid
System Emulation: New Real-Time Transient Model Validated in a Wide Operative
Range”, Fuel Cells, Vol.15, pp.7-14.
164 U.M. Damo, M.L. Ferrari, A. Turan, A.F. Massardo, 2015, “Re-Compression Model
for SOFC Hybrid Systems: Start-up and Shutdown Test for an Emulator Rig”, Fuel
Cells, Vol.15, pp.42-48.
165 M. L. Ferrari, 2015, “Advanced control approach for hybrid systems based on solid
oxide fuel cells”, Applied Energy, Vol. 145, pp. 364-373.
17

166 Barberis S., Traverso A., 2015, “Thermoeconomic Analysis of Csp Air-Steam
Mixed Cycles with Low Water Consumption”, Energy Procedia, Vol.75, pp. 1080–
1086.
167 T. Efstathiadis, A.I. Kalfas, P. Seferlis, K.G. Kyprianidis, M. Rivarolo, 2015,
“Geometry Optimization of Power Production Turbine For A Low Enthalpy
(≤100°C) ORC System”, Energy Procedia, Vol.75, pp. 1624–1630.
168 U.M. Damo, M.L. Ferrari, A. Turan, A.F. Massardo, 2015, “Simulation of an
Innovative Startup Phase for SOFC Hybrid Systems Based on Recompression
Technology, Journal of Fuel Cell Science and Technology, Vol.12, pp. 041004_16.
169 G. Garbarino, D. Bellotti, P. Riani, L. Magistri, G. Busca, 2015, “Methanation of
carbon dioxide on Ru/Al2O3 and Ni/Al2O3 catalysts at atmospheric pressure:
Catalysts activation, behaviour and stability”, International Journal of Hydrogen
Energy, Vol.40, pp. 9171-9182.
170
171
172
173
174
175
176
177
178
179
180

2016
M.L. Ferrari, A. Traverso, A.F. Massardo, 2016, “Smart polygeneration grids:
experimental performance curves of different prime movers”, Applied Energy, Vol.
162, pp. 662-630.
I. Rossi, L. Banta, A. Cuneo, M.L. Ferrari, A.N. Traverso, A. Traverso, 2016, “Realtime management solutions for a smart polygeneration microgrid”, Energy
Conversion and Manag., Vol. 112, pp. 11-20.
V. Zaccaria, D. Tucker, A. Traverso, 2016, “Transfer function development for
SOFC/GT hybrid systems control using cold air bypass”, Applied Energy, Vol. 165,
pp. 695-706.
M. Rivarolo, D. Bellotti, L. Magistri, A.F. Massardo, 2016, “Feasibility study of
methanol production from different renewable sources and thermo-economic
analysis”, International Journal of Hydrogen Energy, Vol. 41, pp. 2105-2116.
S. Barberis, M. Rivarolo, A. Traverso, A.F. Massardo, 2016, “Thermo-economic
analysis of the energy storage role in a real polygenerative district”, Journal of
Energy Storage, Vol. 5, pp. 187-202.
S. Barberis, M. Rivarolo, A. Traverso, A.F. Massardo, 2016, “Thermo-economic
optimization of a real polygenerative district”, Applied Thermal Engineering, Vol.
97, pp. 1-12.
A. Traverso, D. Tucker, 2016, “Biomass”, Encyclopedia of Energy Engineering and
Technology, Second Edition, pp. 108-114, Taylor and Francis: New York.
G. Garbarinoa, D. Bellotti, E. Finocchio, L. Magistri, G. Busca, 2016, “Methanation
of carbon dioxide on Ru/Al2O3: Catalytic activity and infrared study”, Catalysis
Today 277 (2016) 21–28.
M. Rivarolo, A. Cuneo, A. Traverso, A.F. Massardo, 2016, “Design optimisation of
smart poly-generation energy districts through a model based approach”, Applied
Thermal Engineering, Vol.99, pp.291-301.
M.L. Ferrari, M. Rivarolo, A.F. Massardo, 2016, “Hydrogen production system from
photovoltaic panels: experimental characterization and size optimization”, Energy
Conversion and Management, Vol.116, pp.194-202.
V. Zaccaria, D. Tucker, A. Traverso, 2016, “A distributed real-time model of
degradation in a solid oxide fuel cell, part I: Model characterization”, Journal of
Power Sources, Vol.311, pp.175-181.

18

181 M. Rivarolo, A. Cuneo, A. Traverso, A.F. Massardo, A. Galliani, 2016, “Impact of
SEU and CAR qualifications for cogenerative plants optimization”, La
Termotecnica, Maggio2016, pp.43-47.
182 V. Zaccaria, D. Tucker, A. Traverso, 2016, “A distributed real-time model of
degradation in a solid oxide fuel cell, part II: Analysis of fuel cell performance and
potential failures”, Journal of Power Sources, Vol. 327, pp. 736-742.
2017
183 V. Zaccaria, D. Tucker, A. Traverso, 2017, “Cold-Air Bypass Characterization for
Thermal Management of Fuel Cell Gas Turbine Hybrids”, Journal of Engineering
for Gas Turbines and Power, Vol. 139, pp. 062701_1-8.
184 S. Bellan, A. Cordiviola, S. Barberis, A. Traverso, J. González-Aguilar, M. Romero,
2017, “Numerical analysis of latent heat storage system with encapsulated phase
change material in spherical capsules”, Renewable Energy and Environmental
Sustainability, Vol. 2, pp. 1-6.
185 G. Xiao, T. Yang, H. Liu, D. Ni, M.L. Ferrari, M. Li, Z. Luo, K. Cen, M. Ni 2017,
“Recuperators for micro gas turbines: A review”, Applied Energy, Vol.197, pp.83–
99.
186 D. Saebea, L. Magistri, A.F. Massardo, A. Arpornwichanop, 2017, “Cycle analysis
of solid oxide fuel cell-gas turbine hybrid systems integrated ethanol steam
reformer: Energy management”, Energy, Vol.127. pp. 743-755.
187 M.L. Ferrari, U.M. Damo, A. Turan, D. Sànchez, 2017, “Hybrid Systems Based on
Solid Oxide Fuel Cells: Modelling and Design”, Wiley.
188 V. Zaccaria, D. Tucker, A. Traverso, 2017, “Gas turbine advanced power systems
to improve solid oxide fuel cell economic viability”, Journal of the Global Power and
Propulsion Society, Vol.1, pp.28-40.
189 M.L. Ferrari, A. Cuneo, M. Pascenti, A. Traverso, 2017, “Real-time state of charge
estimation in thermal storage vessels applied to a smart polygeneration grid”,
Applied Energy, Vol.206, pp.90-100.
190 A. Cuneo, V. Zaccaria, D. Tucker, A. Traverso, 2017, “Probabilistic analysis of a
fuel cell degradation model for solid oxide fuel cell and gas turbine hybrid
systems”, Energy, Vol.141, pp.2277-2287.
191 I. Rossi, A. Sorce, A. Traverso, 2017, “Gas turbine combined cycle start-up and
stress evaluation: A simplified dynamic approach”, Applied Energy 190 (2017)
880–890.
192 D. Bellotti, M. Rivarolo, L. Magistri, A.F. Massardo, “Feasibility study of methanol
production plant from hydrogen and captured carbon dioxide”, Journal of CO2
Utilization, 21 (2017), 132-138.
2018
193 M.L. Ferrari, P. Silvestri, M. Pascenti, F. Reggio, A.F. Massardo, 2018,
“Experimental Dynamic Analysis on a T100 Microturbine Connected With Different
Volumes”, Journal of Engineering for Gas Turbines and Power, Vol.140,
pp.021701_1-12.
194 M. Mahmood, A. Traverso, A.N. Traverso, A.F. Massardo, D. Marsano, C. Cravero,
2018, “Thermal energy storage for CSP hybrid gas turbine systems: Dynamic
modelling and experimental validation”, Applied Energy, Vol.212, pp.1240-1251.
195 I. Rossi, A. Traverso, M. Hohloch, A. Huber, D. Tucker, 2018, “Physics-Based
Dynamic Models of Three SOFC/GT Emulator Test Rigs”, Journal of Engineering
for Gas Turbines and Power, Vol.140, pp.051702_1-10.

19

196 I. Rossi, Zaccaria V., Traverso A., Advanced Control for Clusters of SOFC/Gas
Turbine Hybrid Systems. Journal of Engineering for Gas Turbines and Power, Vol.140,
pp.051703_1-8.

197 M. Rivarolo, O. Improta, L. Magistri, M. Panizza, A. Barbucci, 2018, “Thermoeconomic analysis of a hydrogen production system by sodium borohydride
(NaBH4)”, International Journal of Hydrogen Energy, Vol.43, pp.1606-1614.
Note: some papers are not reported in the following pages for copyright reasons.

20

A. Agazzani
A. F. Massardo
Mem. ASME.
University of Genova,
Istituto di Macchine e Sistemi Energetici,
via Montaliegro 1,
16145 Genova, Italy

C. A. Frangopoulos
National Technical University of Athens,
Department of Naval Architecture and
Marine Engineering,
157 10 Zografou, Greece

Environmental Influence on the
Thermoeconomic Optimization of
a Combined Plant With NOx
Abatement
Methods to analyze, improve, and optimize thermal energy systems have to take into
account not only energy (exergy) consumption and economic resources, but also
pollution and degradation of the environment. The term ' 'environomics'' implies a
method that takes thermodynamic, economic, and environmental aspects systematically into consideration for the analysis and optimization of energy systems. For
optimization of energy systems, the environmental aspects are quantified and introduced into the objective function. In this particular work, the environomic approach
is followed for the analysis and optimal design of a combined-cycle plant. In addition
to the basic configuration, two alternatives for NOx abatement are studied: Selective
Catalytic Reduction (SCR) and steam injection. The optimization problem is solved
for each configuration, and the results are compared with each other. The effect of
the unit pollution penalties and of the limits imposed by regulations is studied. Some
general conclusions are drawn.

Introduction
The thermal-energy systems consume not only fuel and economic resources, but they have also an harmful effect on the
environment. Pollutant emissions from combustion have become of great concern due to their impact on human health
and nature. Restrictions in specific pollution components are
introduced in several countries. Emission taxes are also introduced to restrict air pollution.
Therefore, methods and techniques utilized for the optimization of thermal-energy systems have to deal not only with energy consumption and economics, but also with the pollution
and degradation of the environment.
Environomics was introduced by Frangopoulos (1991, 1992)
as an extension of thermoeconomics, in order to include environmental aspects in the thermoeconomic analysis and optimization of energy systems. In addition to flows of energy, exergy,
and costs, flows of other consumed resources as well as flows
of pollutants are considered; degradation of the environment is
taken into consideration by treating the environment as a consumed resource.
The objective of this work is to analyze and prove the potential of environomics by means of application examples. With
the introduction of environmental costs due to pollution, which
depend on essential parameters such as unit pollution penalties
(i.e., costs imposed by society or governmental institutions)
and limits imposed by regulations, several scenarios can be
analyzed for the same plant. As application examples, two NO.,
abatement systems for a combined-cycle plant have been selected: steam injection and SCR.
The steam injection is a method frequently utilized for the
NO, abatement since it is easily feasible and suitable for traditional existing combustors. Water or steam injection decreases
the flame temperature and lowers the NO v emissions, but involves several remarkable adverse effects: it produces an increase in carbon monoxide (CO) and unburned hydrocarbon
Contributed by the International Gas Turbine Institute and presented at the
International Gas Turbine and Aeroengine Congress and Exhibition, Orlando, FL,
June 2 - 5 , 1997. Manuscript received by the ASME Headquarters March 15,
1997. Paper No. 97-GT-286. Associate Technical Editor: H. A. Kidd.

(UHC) emissions and causes some losses of thermal efficiency;
water consumption, if considerable, causes supplying problems
in certain localities and an increase of the plant and management
costs because water must be treated and demineralized carefully; and the combustor useful life decreases because of fouling
and scaling. Furthermore, in locations where the ambient concentration of NO, exceeds the standards, emission regulations
may become too stringent to be met by modification of the
combustion process with the steam injection. Therefore, since
emission with steam injection normally reaches values of
around 40-60 ppmvd, this situation could require different
treatment of the exhaust gas to remove NO,.
Selective catalytic reduction (SCR) is now commonly used
to control NO, emissions from combustion sources in countries
with strict emission regulations, even if its capital cost is greater
than a system with steam injection. For gas turbines, NO, emission reduction to as low as 10 ppmvd is sometimes required by
the authorities, and is generally easily achieved by the SCR
systems.
Several of these aspects have been taken into consideration
here from an environomic point of view: comparison among
systems with and without NO, abatement is carried out and
the influence of the two aforementioned essential parameters is
analyzed and discussed in depth.

Brief Presentation of the Environomic Approach
In the environomic analysis and optimization of energy systems, the effect of the system construction and operation on the
environment is taken into consideration. In order to do so, the
effect is quantified, and a penalty is imposed. To cope with the
penalty, pollution abatement equipment and techniques can be
introduced, the performance of which is measured by the degree
of abatement:
c

Pi

- P

where p, is the initial pollution, before abatement, and p is the
pollution after abatement. A discussion on appropriate measures
of pollution, p, can be found in the literature (Frangopoulos,
1991b, 1992; Frangopoulos and von Spakovsky, 1993).
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Comparison Between Complete
Hilbert Transform and Simplified
Solutions of the Moore Rotating
Stall Model
The main objective of this work is the analysis and the comparison between different
methods utilized to solve the Moore rotating stall model. To date only simplified
relations between the axial flow perturbation g and the transverse one h have been
utilized and presented in literature, such ash' = -g or the truncated Fourier series.
On the contrary, in this paper the accurate relation given by the Hilbert Transform
is utilized, and to improve the numerical stability of the method, a new expression
of the first derivative of transverse flow coefficient perturbation is proposed and
utilized. A complete and detailed comparison between the results of the simplified
methods and the solution proposed here is presented. This comparison is extended
to a wide range of geometric and physical compressor parameters, and it allows
the accuracy of simplified approaches to be tested. Finally, a correlative approach
estimating overall rotating stall effects based on the complete solution proposed here
is presented. It allows rotating stall influence to be quickly and easily taken into
account in several axial compressor areas (design, optimization, active control, etc.).

Introduction
The importance of the simulation of rotating stall and the
evaluation of the influence of that phenomenon on multistage
axial compressors performance are well known and have been
studied by several authors (e.g., Greitzer, 1976; Moore, 1984;
Day, 1993; Cumpsty and Greitzer, 1982). In literature various
models are proposed to model rotating stall phenomenon, but
the Moore model seems to provide the most complete approach;
it allows the shape of the stall cell, the propagation speed, and
the actual performance curve to be determined, and it only deals
with compressor data that can be easily obtained.
In literature only simplified solutions of this model have been
presented. The most commonly used relation correlating the
axial g and transverse h flow perturbations is h' = — g proposed
by Moore (1984), while some authors utilize a truncated form
of the corresponding Fourier series (McCaughan, 1989).
In this work, the solution of the rotating stall model proposed
by Moore is carried out utilizing the complete set of equations
without additional simplifying hypotheses for the relationship
between h and g. In this way the complete Hilbert transform
of the perturbations is taken into account in the method presented here. To improve the stability and the reliability of the
proposed solution, a new expression for the first derivative of
transverse flow perturbation (/?') has been proposed and extensively utilized.
Based on the method described here, a complete in-depth
comparison between the accurate and the simplified results is
made for a wide range of compressor configurations. In this
way, the accuracy of the different simplified relations is clearly
stated.
Since the resolution of the Moore model including Hilbert
transform is time consuming, the results of the accurate calculation have been utilized to develop a new correlative approach for
the evaluation of the overall effects of rotating stall: propagation
Contributed by the International Gas Turbine Institute and presented at the 41st
International Gas Turbine and Aeroengine Congress and Exhibition, Birmingham,
United Kingdom, June 10-13, 1996. Manuscript received at ASME Headquarters
February 1996. Paper No. 96-GT-140. Associate Technical Editor: J. N. Shinn.
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speed F and alterations <5 of the compressor axisymmetric performance curve. The correlation, which is, in most cases, as
accurate as traditional simplified models, might be useful when
quick a response is needed, such as in the compressor control
field or compressor design optimization problem.
Mathematical and Numerical Model
In this study, we adopt the mathematical approach to model
rotating stall proposed by Moore (1984); Moore introduced
four main hypotheses to get the final form of his model:
1 incompressible flow through the compressor,
2 irrotational flow in the inlet duct;
3 negligible radial effects in the flow;
4 negligible losses at the IGV entrance, due to the flow
angular disturbance present at the inlet.
Moreover rotating stall is studied in a moving frame, rotating
with the stall cell; in this way the rotating stall in the turbomachine is steady.
The final equations representing rotating stall are:

8 = [«M^) - <K*)] " W W

+ e-F-h(ti)

(1)

where
6 = * ( $ ) - </<($)
h(d)

and

\ = s/2 - F(s + v);

8(0
7T J_„ $

-z

d£

(2)

Equation (1) represents the sum of pressure rise contribution
of every component of the compressor (i.e., inlet duct, inlet
guide vanes, stages, etc.), and Eq. (2) gives the relation existing
between the axial flow perturbation g and the transverse one h
(Takata and Nagano, 1972). In addition, it is imposed that the
mean value of g and h must be zero. In this way 6 is the
unknown to calculate, e, s and u are fixed parameters, and F,
g, and h are variables to iterate.
In Eq. (1) the axisymmetric characteristic curve </> is present;
this curve represents the compressor characteristic in the ab-
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EXPERIMENTAL ANALYSIS OF FLUID FLOW AND SURFACE HEAT TRANSFER
IN A THREE-PASS TRAPEZOIDAL SERPENTINE SMOOTH PASSAGE

C. Cravero, C. Giusto, A.F. Massardo
Istituto di Macchine e Sistemi Energetici
Universita' di Genova
Italia

ABSTRACT
The fluid-dynamic and heat transfer experimental analysis of a gas
turbine internal three-pass blade cooling channel is presented.
The passage is composed of three rectilinear channels joined by two
sharp 180 degree turns; moreover the channel section is trapezoidal instead
of the rectangular configuration already analysed in depth in literature.
The trapezoidal section is more representative of the actual
geometrical configuration of the blade and, in comparison with the
rectangular section, it shows significant aspect ratio and hydraulic
diameter variations along the channel. These variations have a strong
impact on the flow field and the heat transfer coefficient distributions.
The flow analysis experimental results - wall pressure
distributions, flow visualisations - are presented and discussed. The
heat transfer coefficient distributions, Nusselt enhancement factor,
obtained using Thermocromic Liquid Crystals (TLC), have been
studied as well.
In order to understand the influence of the cooling mass flow rate,
a wide range of flow regimes-Reynolds numbers- has been considered.
NOMENCLATURE
B
channel width
c
velocity
D
diameter
H
channel Height
h
heat transfer coefficient
K
thermal conductivity
Nu
Nusselt number = (h •Dh)/K
q
heat flux
Re
Reynolds number = (Dh •c)/v
T
temperature
v
kinematic viscosity

Subscripts
f
h
m
r
w

fluid
hydraulic
measured
reference
wall

INTRODUCTION
The blade cooling systems, together with advanced material
technology, have had a strong impact on modem gas turbines and have
allowed for the turbine inlet gas temperature to be steadily raised in
the last four decades; this fact increases the energy conversion
efficiency both for simple and combined cycle configurations
(Massardo, 1997b).
The classic convective blade cooling systems are nowadays
improved by means of jet-impingement, turbulators and film cooling
devices. The convective cooling systems have been studied in depth,
and are still considered today for advanced blade cooling techniques
using steam (Chase et al., 1997).
Several experimental analyses for cooling channel models,
although simplified (flat surfaces, constant section height, single
passage or one-bend passage), have been published for convective systems
(Metzger of al., 1984; Metzger and Sham, 1986; Zhang of al., 1995; Taslim
et al., 1995; Prakash and Zerkle, 1995; Campbell and Molezzi, 1996). The
flow field analysis was usually quite rough even though secondary flow
paths were strong, due to the presence of sharp 180 degree bends and
Dh/H values of less than one, and wall impingement effects are present
and need detailed analysis. Otherwise, the thermal studies have been
more detailed and carried out using both intrusive, and non-intrusive
techniques (naphthalene sublimation or thermocromic liquid crystals).
Both fluid-dynamic and thermal experimental aspects are
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Abstract
In this paper, an analytical procedure for carbon tax evaluation is presented. The aim is the
assignment to energy plants of a charge linked to their CO2 emissions. The problem is faced through the
use of an environomic approach, including evaluation of the cost of the exergy destroyed inside the
system and the cost of exergy rejected to the biosphere with the plant wastes (Eciency penalty ) coupled
with evaluation of the Index of CO2 emission herein de®ned. In this way, the procedure allows a cost of
the emitted CO2 to be obtained based not on political considerations but only on eciency and exergy
analysis. The aim is to reward the ecient use of energy resources and to penalize the inecient plants.
The procedure is applied for the analysis of three typical Italian energy plants burning fossil fuels: a 320
MW coal steam plant; a 700 MW natural gas combined plant; and a 30 MW gas turbine cogeneration
plant. The plants are analysed using an environomic optimization and taking into account all their
pollutant emissions (CO, NOx, SOx and CO2). The values of the CO2 emissions charges obtained with
the proposed procedure are presented and discussed in depth and a comparison with the possible costs
of CO2 sequestration activities is presented too. 7 2000 Elsevier Science Ltd. All rights reserved.
Keywords: Environomic optimization; Eciency penalty; CO2 emissions; Carbon tax

1. Introduction
In the energy systems ®eld, one of the most important problems is the evaluation and
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Internal Reforming Solid Oxide
Fuel Cell-Gas Turbine Combined
Cycles (IRSOFC-GT): Part A—
Cell Model and Cycle
Thermodynamic Analysis
The aim of this work is to investigate the performance of internal reforming solid oxide fuel
cell (IRSOFC) and gas turbine (GT) combined cycles. To study complex systems involving
IRSOFC a mathematical model has been developed that simulates the fuel cell steady-state
operation. The model, tested with data available in literature, has been used for a complete
IRSOFC parametric analysis taking into account the influence of cell operative pressure, cell
and stream temperatures, fuel-oxidant flow rates and composition, etc. The analysis of
IRSOFC-GT combined cycles has been carried out by using the ThermoEconomic Modular
Program TEMP (Agazzani and Massardo, 1997). The code has been modified to allow
IRSOFC, external reformer and flue gas condenser performance to be taken into account.
Using as test case the IRSOFC-GT combined plant proposed by Harvey and Richter (1994)
the capability of the modified TEMP code has been demonstrated. The thermodynamic
analysis of a number of IRSOFC-GT combined cycles is presented and discussed, taking into
account the influence of several technological constraints. The results are presented for both
atmospheric and pressurised IRSOFC.

Introduction

a SOFC as a topping unit, thanks to the very high SOFC operative
temperature (⬵1300 K), for an existing or future conventional
power plant (Wilson and Korakianitis, 1997; Korakianitis et al.,
1997; Pilidis and Ulizar, 1997). In this field of particular interest
there are the systems using SOFCs and gas turbines (GT) (Stephenson and Ritchey, 1997; Bevc et al., 1996; Fry et al., 1997).
In this paper atmospheric and pressurized SOFCs associated
with GT systems have been analysed. The first step to be able to
study complex cycles involving SOFC is to obtain thermodynamic
data for SOFC in operation. Therefore, a mathematical model has
been developed that simulates the steady-state operation of a
SOFC, with or without internal reforming (IR).
The model has been tested utilizing available data published in
literature, and has been used as a module of the ThermoEconomic
Modular Program (TEMP) software (Agazzani and Massardo,
1997), to carry out SOFC-GT combined cycle thermodynamic and
thermoeconomic analyses. The thermodynamic analysis is described in this part, while the thermoeconomic analysis will be
presented in the second part of this work (Massardo, 1998).
The internal reforming SOFC mathematical model, the results of
the complete IRSOFC parametric analysis, and the assessment of
the modified TEMP software, based on the Harvey-Richter (1994)
plant data are presented. Finally, the thermodynamic analysis of a
number of original IRSOFC-GT combined cycles are presented
and discussed in depth.

The fuel cell power generation system is expected to be one of
the future promising power generation methods, which can provide
efficient energy conversion rates, flexible fuel utilization and site
selection with very low pollutant emissions.
In fuel cell the conversion energy is a direct electrochemical
kinetic process and it is not subject to the limitations of the Carnot
cycle. Moreover, the exergy losses associated with the fuel oxidation process are small compared to conventional combustion. The
electrochemical oxidation of the fuel is accompanied by a release
of heat energy and an electron flow. For the electrochemical
reactions to proceed the temperature of the reactants must raise to
a threshold depending upon the type of electrolyte used. The
environmental preservation would be attained by higher efficiency
values from the carbon dioxide production point of view, while
NO x emissions are greatly reduced when compared to conventional power plant emissions (Hirschenhofer et al., 1994).
High temperature fuel cell, as the MCFC (molten carbonate fuel
cell) or SOFC (solid oxide fuel cell) are still in the development
stage. However, they have much potential to achieve high efficiency for electricity production and they have already demonstrated their performance with several tens of kW stacks and units.
Particularly SOFC is supposed to be suitable for both large power
plants and small cogeneration unit (Drenckhahn and Lezuo, 1996).
There have been several proposals for integrated cycles involving SOFC, the most investigated configuration is the utilization of

IRSOFC Model
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As already stated the first step to be able to study complex
systems involving IRSOFC is to obtain thermodynamic data for
cell operation, that is a cell model is necessary to carry out cell
performance analysis. Several models have been presented in
literature for SOFC or IRSOFC (Bessette, 1994; Costamagna,
1997; Harvey and Richter, 1994).
In this work a model has been developed taking into account the
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Thermoeconomic Analysis of Gas
Turbine Based Cycles
The thermoeconomic analysis of gas turbine based cycles is presented and discussed in
this paper. The thermoeconomic analysis has been performed using the ThermoEconomic
Modular Program (TEMP V.5.0) developed by Agazzani and Massardo (1997). The
modular structure of the code allows the thermoeconomic analysis for different scenarios
(turbine inlet temperature, pressure ratio, fuel cost, installation costs, operating hours per
year, etc.) of a large number of advanced gas turbine cycles to be obtained in a fast and
reliable way. The simple cycle configuration results have been used to assess the cost
functions and coefficient values. The results obtained for advanced gas turbine based
cycles (inter-cooled, re-heated, regenerated and their combinations) are presented using
new and useful representations: cost versus efficiency, cost versus specific work, and cost
versus pressure ratio. The results, including productive diagram configurations, are discussed in detail and compared to one another. 关S0742-4795共00兲01903-7兴

Introduction
In the thermodynamic analysis of energy systems, the study is
generally focused on describing processes evolving into the system and deriving relationships between flow rates, energy exchange, sizing design, etc. The various alternatives are usually
compared on the basis of purely thermodynamic measures as efficiency, irreversibility or specific work. Gas turbine simple and
complex cycles have been analyzed in detail, from the thermodynamic point of view, in a number of publications 关1–3兴. The results are usually shown on the classic efficiency versus specific
work diagram taking into account TIT 共Turbine Inlet Temperature兲 and pressure ratio influence. Only sometimes has the economic analysis been carried-out in a very simplified way, after the
thermodynamic investigation.
The rapid development of new cycles based on gas turbine
technology in the last years evinces the importance of a complete
coupling between the thermodynamic and the economic analysis.
This complete analysis shows the influence of the most important
cycle parameters and the economic boundary conditions during
the design phase of advanced systems.
A thermoeconomic approach maybe used to solve this problem;
in fact, thermoeconomics is a technique, which combines thermodynamic analysis directly with economic aspects in order to optimize thermal systems like a gas turbine based cycles. There are
essentially two thermoeconomic techniques proposed in literature
and analyzed in detail by the authors in previous works 关4–6兴.
The approach here used is similar to Thermoeconomic Functional
Analysis 共TFA兲 关7兴, but employs an original, direct approach to
carry out the Direct Thermoeconomic Analysis 共DTA兲 and Optimization 共DTO兲.
Simple steam plants 关8兴 and simple regenerative gas turbine
cycle 关8兴 have been studied using the TFA approach, while simple
and complex steam plants, simple gas turbine, and combined
cycles have been investigated using the DTA/DTO approach 关5兴.
In this work the thermoeconomic analysis has been carried out
using an apt tool developed by the Authors 共TEMP code兲: the
modular organization of the code makes the DTA of several advanced gas turbine cycles obtainable in a fast and reliable way.
Thanks to the use of apt cost functions for the different compoContributed by the International Gas Turbine Institute 共IGTI兲 of THE AMERICAN
SOCIETY OF MECHANICAL ENGINEERS for publication in the ASME JOURNAL OF
ENGINEERING FOR GAS TURBINES AND POWER. Paper presented at the International Gas Turbine and Aeroengine Congress and Exhibition, Indianapolis, IN, June
7–10, 1999; ASME Paper 99-GT-312. Manuscript received by IGTI March 9, 1999;
final revision received by the ASME Headquarters May 15, 2000. Associate Technical Editor: D. Wisler.
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nents that compose the gas turbine based cycles 共compressor, expander, combustion chamber, regenerator, inter-cooler, etc.兲 the
analysis is particularly well suited for cost versus efficiency and
cost versus specific work evaluation of advanced gas turbine
cycles. The different cycle configurations are presented and discussed in detail and compared to one other.

Direct Thermoeconomic Analysis „DTA…
The thermoeconomic approach here utilized is similar to classical TFA but employs an original direct approach to carry out the
thermoeconomic analysis 共and Optimization—DTO兲. In DTA, the
analyzed plant is subdivided into a set of units, each one including
one or more physical components, connected by material flows.
The schematization of the plant in single units interconnected by
material and mechanical work streams is the ‘‘physical structure
of the system,’’ and a new study of the system has been introduced, called ‘‘Functional Productive Analysis.’’ The graphical
representation is called ‘‘Functional Productive Diagram,’’ while
the productive purpose of each component is defined by introducing functional exergy flows in addition to the physical exergy
flows. The complete mathematical formulation of this Functional
Productive Analysis has been presented by Agazzani and Massardo 关5兴. By means of the ‘‘Functional Productive Analysis’’ in
which each component has several inputs and one output 共product兲 the ‘‘functional exergy flows’’ among the components to be
calculated. In addition, marginal and average unit costs of each
functional exergy flow are determined, and therefore the global
thermoeconomic performances of the components 共internal
economy兲 are defined.
The thermoeconomic analysis of thermal energy systems has
been performed using a modular simulator tool called TEMP, described in detail by Agazzani 关4兴. The tool has been aimed at the
following targets: thermodynamic and exergy analysis, thermoeconomic and environomic analysis optimization. The modularity
of the code facilitates the study of several cycle configurations.
The code has been expanded by means of the introduction of new
modules 关9,10兴 and now the 5.0 version is composed of 53 modules. There are three routines for each module included in the
code library: the first is used for the thermodynamic analysis; the
second for the exergy analysis; and the third for the thermoeconomic analysis. The plant data chart contains all the physical components; how they are physically interconnected among themselves; their fixed thermodynamic values, and, in some cases
includes economic data values 共i.e., unit fuel price or unit elec-
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Abstract
An instrument to promote the CO2 emission reductions, taking the Kyoto Protocol goal
into account, can be the assignment to energy conversion plants of a monetary charge
linked to their specific emission intensity. Once the choice of a charge is defined, the
next problem is the choice of a strategy to determine the amount of the imposed charge,
named Carbon Tax (CT).
In this paper an analytical procedure for the Carbon Tax evaluation is proposed and
applied. This approach is based on the concept of Efficiency Penalty of the energy
system, that represents the evaluation of the cost of the exergy destroyed inside the
system and the cost of the exergy rejected in the biosphere with the plant wastes; the
Efficiency Penalty term is coupled with the evaluation of the Index of CO2 Emission,
which connects the amount of the CO2 emitted by the plant with the Second Law
efficiency of the plant itself. The evaluated charge on the CO2 emissions is defined as
Carbon Exergy Tax (CET). The procedure is applied here to the analysis of a 700 MW
combined plant burning fossil fuels in two different configurations: a typical natural gas
fired combined plant, and a coal fired combined plant burning coal in a Pressurised
Fluidised Bed Combustor (PFBC).
Key words: Environomic Optimization, Efficiency Penalty, CO2 emissions, Carbon Tax,
Carbon Exergy Tax
1.

The environmental problem of the energy
systems is connected mainly to the emission of
pollutants such as UHC (unburned hydrocarbons), CO, NOx, SOx, and CO2.

Introduction

In the energy systems field, one of the most
important problems is the evaluation and
management of pollutant emissions connected to
energy conversion activities in energy plants
such as power plants.
∗

There are two main approaches to face the
environmental problem of energy systems:
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Abstract
This paper addresses the design and off-design analysis of a hybrid system (HS) based on the coupling of a recuperated micro gas turbine
(MGT) with a high temperature solid oxide fuel cell (SOFC) reactor. The SOFC reactor model is presented and discussed, taking into
account the in¯uence of the reactor lay-out, the current density, the air utilisation factor, the cell operating temperature, etc. The SOFC
design and off-design performance is presented and discussed; the design and off-design models of a recuperated micro-gas turbine are also
presented. The operating line, the in¯uence of the micro gas turbine ``variable speed'' control, and the ef®ciency behaviour at part load are
analysed in depth.
Finally, the model of the hybrid system obtained by coupling the MGT and the SOFC reactor, considering the compatibility
(technological constraints) of the two systems, is presented. The model allows the evaluation of the design and off-design behaviour of the
hybrid system, particularly when the MGT variable speed control system is considered. The thermal ef®ciency of the hybrid system, taking
into account its size (250/300 kWe), is noteworthy: higher than 60% at design point, and also very high at part load conditions. Such a result
is mainly due to the simultaneous positive in¯uence of SOFC off-design behaviour and MGT variable speed control. Moreover, it is
possible to recover the waste heat from the gas at the MGT recuperator outlet (Tgas is about 2508C) for cogeneration purposes.
# 2001 Elsevier Science B.V. All rights reserved.

1. Introduction
Solid oxide fuel cells (SOFCs) are electrochemical reactors currently under development for applications in the ®eld
of energy conversion [1,2]. The type of electrolyte which is
usually employed (YSZ, yttria stabilised zirconia) requires a
high operating temperature (10008C) which imposes severe
technological constraints on the materials, and thus several
research programs are under way to ®nd alternative electrolyte materials [3,4] or alternative multi-layer deposition
techniques [5±7] which are expected to permit operation
at temperatures of 700±8008C. Other intensive research
efforts are being made in the ®eld of electrode improvement,
with particular attention to new electroactive materials and
to the optimisation of the structure and morphology of
composite electrodes [8,9]. As far as fuels are concerned,
pure hydrogen and methane are currently being tested, and
both internal and external steam reforming and partial
*
Corresponding author. Tel.: 39-010-3532444;
fax: 39-010-3532566.
E-mail address: massardo@unige.it (A.F. Massardo).

oxidation reaction schemes have been proposed for the
latter. Among the reactor geometries, planar [10] and tubular
[11] reactor shapes have been proposed, with a number of
variations such as planar cells with integrated air pre-heater
[12]. Even though it is dif®cult to quote an average SOFC
performance, the experimental data reported in the literature
being distributed over a wide range, we can still state that,
with an operating temperature in the range 900±10008C,
with pressure of 1 bar and hydrogen at the anode and oxygen
at the cathode, the ef®ciency of the cell alone is at least 50%.
SOFCs have not yet reached a level where they can compete
with the cost, reliability and plant size reached by conventional energy conversion technologies; however, a number
of demonstration programs are currently in progress, including some hybrid plants based on SOFCs coupled with small
gas turbines [13,14].
Another power source, viewed as being well suited to
meeting the needs of small energy users, is the small gas
turbine. The ®rst generation of micro-turbines [15±17] (25±
300 kWe), is currently being introduced into the distributed
electrical power generation market. About a dozen companies are currently involved in the R&D of micro-turbines,
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Thermoeconomic analysis of mixed gas±steam cycles
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Abstract
In this paper the direct thermoeconomic analysis approach developed by the authors [ASME Paper 95CTP-38; ASME Cogen Turbo Power Conference, Wien, 23=25 August, 1995] is applied to the assessment
of the thermoeconomic performance of mixed gas±steam cycles such as the steam injected cycle (steam
injected gas turbine, STIG), regenerated water injected (RWI) cycle, and humid air turbine (HAT) or
evaporative cycle. All the simulations were carried using the thermo-economic modular program (TEMP)
code developed at the University of Genoa [ASME Trans., J. Engng. Gas Turbine Power 119 (1997) 885;
Thermo-economic and environmental optimisation of energy systems, Tesi di Dottorato, Universita di
Genova (DIMSET), 1997] and carefully tested here, mainly for the HAT cycle and saturator, using the
experimental data provided by the HAT pilot-plant operating at the Lund University, Sweden [Theoretical
and experimental evaluation of the EvGT-process, Thesis for Degree of Licentiate in Engineering, Lund
Institute of Technology, Sweden, 1999; Evaporative cycles ± in theory and in practice, Doctoral Thesis,
Lund Institute of Technology, Sweden, 2000].
Three dierent mixed cycles (STIG, RWI, and HAT) are analysed in detail together with an additional
fourth layout proposed by the authors [Thermoeconomic analysis of STIG, RWI and HAT cycles with
carbon dioxide (CO2 ) emissions penalty, Tesi di laurea, Universita di Genova (DIMSET), 2000], named
HAWIT, humid air water injection turbine, that appears to be the most attractive solution.
The thermoeconomic results of mixed cycles are presented here for the ®rst time in open literature. These
results are compared to the data of a conventional two-pressure level combined cycle considered as representative of the state of the art of high eciency conversion systems. A new representation proposed by
the authors [ASME Trans., J. Engng. Gas Turbine Power 122 (2000)], such as cost of electricity versus cycle
eciency or internal rate of return versus electric eciency, is used to demonstrate the main features of
these types of innovative energy plants. Ó 2001 Elsevier Science Ltd. All rights reserved.
Keywords: Thermoeconomics; Mixed gas±steam turbine cycles; Saturator
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Assessment of Molten Carbonate
Fuel Cell Models and Integration
With Gas and Steam Cycles
The aim of this work is to investigate the performance of molten carbonate fuel cells
(MCFCs), with external sensible heat reformer and gas turbine/steam turbine (GT/ST)
combined cycles. The analysis of these MCFC-GT/ST combined cycles has been carried
out using the thermo economic modular program (TEMP) modified to allow MCFC,
external sensible heat reformer, and catalytic burner performance to be carefully taken
into account. The code has been verified through the use of a detailed MCFC model and
of the data available for an existing MCFC unit. The thermodynamic and exergy analysis
of a number of MCFC combined cycles is presented and discussed, taking into account
the influence of technological constraints, also evaluated with the sophisticated model,
and the influence of the post-combustion of the fuel directly in the external catalytic
burner. The results are presented and discussed in depth. 关DOI: 10.1115/1.1398551兴

Introduction
Among the different kinds of fuel cells under development today, molten carbonate fuel cells 共MCFCs兲 are of particular interest
because of their operating temperature 共⬇923 K兲. The latter, in
fact, is not too high to involve material or corrosion problems, but
is sufficiently high to allow the use of non-noble catalysts. Such
catalysts are less expensive and insensitive to certain fuel contaminants, so that, in principle, MCFCs may use a range of gaseous fuels, such as natural gas, biogas or coal gas. However, the
more significant advantage, discussed in this paper and related to
the relatively high operating temperature, is the possibility of cogeneration, which increases revenue and overall efficiency exploiting the exergy of the exhaust gases. Moreover, MCFC technology is now at the stage of scaling-up to commercialization and
many developers, worldwide, have shown significant progress.
In this scenario, we have chosen to base our study on the plant
scheme developed and tested by Ansaldo Ricerche 共关1兴兲 with a
100 kW module called compact unit 共CU兲. This pilot plant represents an intermediate step for the project of a modular 250/500
kW plant within the MOLCARE program 共关2兴兲.

MCFC Compact Unit
The studied CU configuration, whose simplified scheme is
shown in Fig. 1, is based on the sensible heat reforming 共SHR兲
concept, which marks out this plant, allowing its autothermal running. In the SHR, in fact, the reforming endothermic reaction
(CH4⫹H2O→CO⫹3H2 ) occurs without help of additional heaters
or burners, but thanks to the excess heat of the recycled anode gas.
In this way the fresh fuel methane is converted into H2 richer
mixture then consumed in the cells to dispatch electrical power.
The MCFC electrochemical core of the CU, simplified in Fig. 1
as an anode and a cathode separated and coupled, consists of 150
planar square cells of 0.75 m2 connected in series and superimposed to form two MCFC stacks.
Each cell is formed by a matrix in ␥ LiAlO2 filled with Li and K
carbonates and coupled with two electrodes: an anode in Ni/Cr
and a cathode in Lix Ni1⫺x O 共关3兴兲.
Contributed by the International Gas Turbine Institute 共IGTI兲 of THE AMERICAN
SOCIETY OF MECHANICAL ENGINEERS for publication in the ASME JOURNAL OF
ENGINEERING FOR GAS TURBINES AND POWER. Paper presented at the International Gas Turbine and Aeroengine Congress and Exhibition, Munich, Germany, May
8 –11, 2000; Paper 00-GT-174. Manuscript received by IGTI, Nov. 1999; final revision received by ASME Headquarters, Feb. 2001. Associate Editor: D. R. Ballal.

The fuel and the oxidant gas are fed separately, and the tile
prevents gas crossover and guarantees an adequate ionic conduction and electronic insulation.
In the MCFCs the following reactions occur:
⫺
at the anode H2⫹CO⫺⫺
3 →H2O⫹CO2⫹2e

at the cathode CO2⫹1/2O2⫹2e

⫺

→CO⫺⫺
3

.

(1)
(2)

Taking into account that the amount of CO2 produced at the
anode is required at the cathode, the stream coming from the
anode is split to the cathode, so the overall reaction is
H2⫹1/2O2→H2O⫹heat⫹electrical power.
However, due to the presence of unreacted H2 , CO, and CH4 in
the anode exhaust stream, a cathode catalytic burner 共CCB兲 is
used to oxidise all these species before they enter the cathode side.
The two high-temperature blowers are used to balance pressure
drops on the anode and cathode recycles. Finally, CU exhausts are
completely burnt in the exhaust catalytic burner 共ECB兲 and then
come out at a temperature suitable for use in a heat recovery
system, as it is discussed in this paper.

Models
Two different mathematical models of MCFCs for steady-state
operation have been considered and compared to experimental
data.
The first one is a three-dimensional theoretical model, developed by the authors and presented elsewhere 共关4兴兲. This model
takes into account mass, energy, and momentum balances at cell
and stack level.
In the model, as well as electrochemical reactions, water gas
shift reaction (CO⫹H2O→CO2⫹H2 ) is evaluated in the anodic
side and is assumed to be at the thermodynamic equilibrium on
the basis of experimental data.
The kinetics of the electrochemical reactions are summarized in
the following equation of total electrical resistance:
R tot⫽

A•e E/T
␤

⌸p i 1

⫹c iR ⫹D•e F/T

(3)

where A, ␤, c iR , D, E, and F are phenomenological coefficients
evaluated by experimental data 共关4兴兲.
The simulation results show the distribution of gas and solid
temperatures, compositions, and flow rates of the gaseous streams,
electrical current density, Nernst voltage, polarization, internal re-
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Microturbine/Fuel-Cell Coupling
for High-Efficiency ElectricalPower Generation
Microturbines and fuel cells are currently attracting a lot of attention to meet future users
needs in the distributed generation market. This paper addresses a preliminary analysis of
a representative state-of-the-art 50-kW microturbine coupled with a high-temperature
solid-oxide fuel cell (SOFC). The technologies of the two elements of such a hybrid-power
plant are in a different state of readiness. The microturbine is in an early stage of
pre-production and the SOFC is still in the development phase. It is premature to propose
an optimum solution. Based on today’s technology the hybrid plant, using natural gas
fuel, would have a power output of about 389 kW, and an efficiency of 60 percent. If the
waste heat is used the overall fuel utilization efficiency would be about 80 percent. Major
features, parameters, and performance of the microturbine and the SOFC are discussed.
The compatibility of the two systems is addressed, and the areas of technical concern, and
mismatching issues are identified and discussed. Fully understanding these, and identifying solutions, is the key to the future establishing of an optimum overall system. This
approach is viewed as being in concert with evolving technological changes. In the case
of the microturbine changes will be fairly minor as they enter production on a large scale
within the next year or so, but are likely to be significant for the SOFC in the next few
years, as extensive efforts are expended to reduce unit cost. It is reasonable to project that
a high performance and cost-effective hybrid plant, with high reliability, will be ready for
commercial service in the middle of the first decade of the 21st century. While several
microturbines can be packaged to give an increased level of power, this can perhaps be
more effectively accomplished by coupling just a single gas turbine module with a SOFC.
The resultant larger power output unit opens up new market possibilities in both the
industrial nations and developing countries. 关DOI: 10.1115/1.1398552兴

Introduction
The first generation of microturbines 共25–75 kW兲, currently
being introduced into the distributed electrical power generation
market have thermal efficiency levels of about 28 to 30 percent
based on state-of-the-art component technology. To advance significantly beyond this level will require an increase in turbine inlet
temperature, this necessitating the use of ceramics in the hot-end
components. However, ceramics technology is still in its infancy,
and these components, including the combustor, turbine, and recuperator, currently lack the reliability mandatory for the power
generation market.
Another power source, also viewed as being well suited to
meeting the needs of small energy users, is the fuel cell. Based on
today’s technology, and due to their current high cost, it is likely
to be several years before they are commercialized and available
on a large scale. The impetuous for their cost reduction comes
from the automobile industry.
The coupling of a microturbine with a high-temperature fuel
cell has the potential for an efficiency of over 60 percent, and it is
perhaps fortuitous that two of the basic parameters in both of
these power generating systems are compatible. The clean effluent
from a SOFC at about 900°C matches well the turbine inlet temperature of first generation microturbines. Also the value of the
compressor discharge pressure of about 4 atmospheres facilitates
increased power output and higher efficiency from a given SOFC
frame size.
Contributed by the International Gas Turbine Institute 共IGTI兲 of THE AMERICAN
SOCIETY OF MECHANICAL ENGINEERS for publication in the ASME JOURNAL OF
ENGINEERING FOR GAS TURBINES AND POWER. Paper presented at the International Gas Turbine and Aeroengine Congress and Exhibition, Munich, Germany, May
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Existing microturbines, rated at approximately 50 kW and with
a thermal efficiency of about 30 percent, are well suited to meeting the energy needs of small users such as schools, apartment
buildings, restaurants, offices, and small businesses. New markets
will open up when such a microturbine is coupled with a SOFC,
to give an output of about 300– 400 kW, at an efficiency of 60
percent. These include supermarkets, factories, malls, military
bases, hospitals, villages, and small towns in the developing nations. High fuel utilization efficiency 共about 80 percent兲 can be
achieved if the high-grade waste heat is utilized. Applications include heating, drying, cooling, desalination, and several others.
This paper addresses the coupling of a state-of-the-art 50-kW
microturbine with an SOFC in its present state of evolution. At
this stage it does not necessarily represent an optimum approach
from the features, systems, and parameter selection standpoints. It
is a first step towards exploring the performance potential, and the
identification of areas of technical concern, and mismatching
problems that must be resolved before the hybrid cycle is developed, commercialized, and deployed for the electrical power generation and combined power and heat markets. A near emissionfree advanced small microturbine/fuel cell plane, operating on
natural gas, will offer users attractive possibilities in the first decade of the 21st century.

Microturbine Technology
Major Features. About a dozen companies are currently involved in the development of microturbines, and several of these
ahave been discussed previously 共关1兴兲. To meet low-cost goals the
engine configurations are kept as simple as possible, with many of
the machines embodying the following features: 共1兲 single-stage
radial compressor, 共2兲 single-stage radial inflow turbine, 共3兲
direct-drive high-speed air-cooled generator, 共4兲 multifuel com-
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LA METODOLOGIA DELLA CARBON EXERGY TAX (CET):
PROPOSTA TERMOECONOMICA DI PENALIZZAZIONE DELLE
EMISSIONI DI CO2 E GENERALIZZAZIONE AI SISTEMI ENERGETICI
Alberto Traverso
Thermochemical Power Group
Dipartimento di Macchine, Sistemi Energetici e Trasporti – Università di Genova

SOMMARIO
In questo lavoro viene presentata la metodologia della Carbon Exergy Tax (CET) per la
quantificazione del danno ambientale imputabile alle emissioni di CO2 degli impianti
termoelettrici secondo i criteri propri dell’analisi termoeconomica.
La Carbon Exergy Tax (CET) è applicabile alle emissioni di CO2 o al combustibile
fossile stesso e tiene conto delle irreversibilità exergetiche di un impianto per la produzione di
energia elettrica e/o termica. La penalizzazione risultante discrimina i sistemi energetici in
base al miglior utilizzo dell’exergia del combustibile, colpendo quindi maggiormente gli
impianti termoelettrici a basso rendimento e favorendo la cogenerazione, in particolare ad
elevata temperatura.
Nel lavoro partendo dalla descrizione analitica dell’Inefficiency Penalty, attraverso la
sua applicazione ad impianti convenzionali quali cicli a vapore, cicli di turbina a gas semplice
e rigenerata, cicli combinati ed a impianti avanzati quali i cicli misti (acqua/vapore - aria) e
cicli integrati (turbina a gas - fuel cells), si giunge alla formulazione di una correlazione
semplificata per il calcolo della Carbon Exergy Tax equivalente di immediata applicazione a
qualsiasi impianto termoelettrico.
Keywords: Environomics

Inefficiency Penalty

CO2

Carbon Exergy Tax

Nomenclatura
[C]
CBP
cF
Cirr,i
cP
C’P
Cw
CBP
CCO2
Cirr
CF
C’F
CP
Cw
CET
CETr

Frazione in massa di carbonio nel combustibile
Costo economico unitario dei reflui del sistema [$/kJ]
Costo economico unitario del combustibile del sistema [$/kJ]
Costo unitario dell’irreversibilità in un componente del sistema [$/kJ]
Costo economico unitario del prodotto energetico del sistema [$/kJ]
Costo economico unitario del prodotto energetico del sistema dopo imposizione
accisa sul combustibile [$/kJ]
Costo economico unitario dell’exergia residua di un componente del sistema [$/kJ]
Costo dei reflui del sistema [$/intervallo di tempo]
Charge economico imposto alle emissioni di CO2 [$/intervallo di tempo]
Costo dell’exergia distrutta in un componente del sistema [$/intervallo di tempo]
Costo di combustibile del sistema [$/intervallo di tempo]
Costo economico unitario del combustibile del sistema dopo imposizione accisa
sul combustibile [$/intervallo di tempo]
Costo del prodotto energetico del sistema [$/intervallo di tempo]
Costo dell’exergia residua di un componente del sistema [$/intervallo di tempo]
Carbon Exergy Tax per tonnellata di CO2 emessa risultante dall’applicazione della
procedura proposta [$/tonCO2]
Reduced Carbon Exergy Tax per tonnellata di CO2 emessa risultante
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CELLE A COMBUSTIBILE AD OSSIDI SOLIDI
E MICROTURBINE A GAS:
SISTEMI IBRIDI AD ELEVATA EFFICIENZA E RIDOTTE EMISSIONI
INQUINANTI
Loredana Magistri,
Thermochemical Power Group
Università di Genova

RIASSUNTO
Nel seguito è proposto lo studio di una cella a combustibile ad ossidi solidi e
dell’integrazione di questo componente in un impianto con microturbina a gas per generazione di
potenza.
Mediante l’utilizzo di codici di calcolo appositamente realizzati si sono studiate dapprima
le prestazioni del reattore elettrochimico in configurazione isolata ed in seguito le prestazioni del
sistema ibrido. In entrambi i casi si è focalizzata l’attenzione sul comportamento della cella a
combustibile sia in condizioni di progetto che di off-design individuando l’influenza
dell’impianto sulle sue condizioni operative.
I risultati dell’analisi sono presentati e discussi in dettaglio rilevando particolari
caratteristiche del reattore allorché sottoposto a vincoli termodinamici differenti. Vengono altresì
individuate curve di performance in configurazione di sistema ibrido che consentono di
effettuare interessanti considerazioni sulle condizioni operative durante i transitori lenti di
impianto (presa carico, variazione lente di carico, ecc.).
L’elevata efficienza di questi sistemi, in un vasto campo di condizioni operative, e le
ridotte emissioni inquinanti li rendono particolarmente adatti per la generazione di piccole e
medie potenze (200 kWe-2 MWe)
ABSTRACT
This paper addresses the design and off-design analysis of a high efficiency hybrid
system (HS) based on the coupling of a recuperated micro-gas turbine (MGT) with a Solid
Oxide Fuel Cell (SOFC) reactor.
The SOFC reactor model is presented and discussed taking into account the influence of
the reactor lay-out, the current density, the air utilisation factor, the cell operating temperature,
etc. The SOFC’s design and off-design performance is presented and discussed; also the design
and off-design models of a recuperated micro-gas turbine are presented. The operating line, the
influence of the micro gas turbine “variable speed” control, and the efficiency behaviour at part
load are analysed in depth.
Finally, the model of the hybrid system obtained coupling the MGT and the SOFC
reactor, considering the compatibility (technological constraints) of the two systems, is
presented. The model allows the evaluation of the design and off-design behaviour of the hybrid
system, particularly when the MGT variable speed control system is considered. An optimum
control strategy for part load operation of the hybrid system is discussed as well.
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Abstract
The environomic analyses and optimization of three existing plants—steam cycle (320 MW), combined
cycle (350 MW) and cogeneration gas turbine cycle (30 MW)—are here presented. The eﬀects of the
abatement devices of NOx and SOx emissions on the cost of electricity are evaluated. The eﬀects of carbon
dioxide emissions are also considered from two diﬀerent points of view: CO2 sequestration and CO2 taxation (carbon tax).  2002 Elsevier Science Ltd. All rights reserved.
Keywords: Environomic optimization; DeNOx and DeSOx ; CO2 sequestration; Carbon tax

1. Introduction
The attention given to the Kyoto Conference and the world-wide echo of its results demonstrate that one of the most important environmental problems is CO2 production and the related
greenhouse eﬀect.
CO2 is not as toxic a gas as other gases, like NOx or SOx , which are produced in combustion
processes; abatement technologies are available for NOx and SOx , while sequestration devices
have been advanced for CO2 and special plants with low CO2 emission have been proposed [1].
In power plants, CO2 production is mainly due to combustion processes; the reduction of CO2
production is strictly related to fuel consumption. The eﬃcient utilisation of the energy resources
in the plant components can contribute to the reduction of CO2 production.
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A Hybrid System Based on a
Personal Turbine (5 kW) and a
Solid Oxide Fuel Cell Stack: A
Flexible and High Efficiency
Energy Concept for the Distributed
Power Market
In this paper a high efficiency and flexible hybrid system representing a new total energy
concept for the distributed power market is presented. The hybrid system is composed of
a very small size (5 kW) micro gas turbine (named personal turbine—PT) presented in a
companion paper by the authors coupled to a small size solid oxide fuel cell (SOFC)
stack. The power of the whole system is 36 kW depending on the design parameters
assumed for the stack. The design and off-design performance of the hybrid system have
been obtained through the use of an appropriate modular code named ‘‘HS-SOFC’’ developed at the University of Genoa and described in detail in this paper. The results of the
simulation are presented and discussed with particular regards to: choice of the hybrid
system (HS) design point data, HS design point performance, off-design performance of
PT and SOFC stack, and off-design performance of the whole HS. Some preliminary
economic results are also included based on different fuel and capital cost scenarios and
using the cost of electricity as the parameter for comparison between PT and HS.
关DOI: 10.1115/1.1473825兴

Introduction
The increasing use of electronic equipment in the IT has put a
strain on the existing electrical supply system, which if not resolved quickly, will mean increasing blackouts. Large centralized
power plants, together with the necessary transmission lines, are
not foreseen in the future because of extended and unacceptable
times in permitting and construction. The growing trend of distributed generation will ensure that the power source is located
near to the user. This will involve the installation of gas turbines
from multi-megawatt industrial units down to the current range of
microturbines. The internet has resulted in an increasing amount
of work done in the home where a constant and reliable source of
electrical power is mandatory. This trend could result in small
turbogenerators such as the PT being used in the home, and this
would represent the ultimate application in terms of distributed
generation.
Microturbines in the 30–100 kW power range are expected to
be produced in significant quantities within the next two years or
so to meet the energy needs of many distributed power users. The
successful introduction of these first generation microturbines
could pave the way for smaller personal turbines 共PT兲 in the future, with a postulated much larger market potential. This topic
was discussed in a recent publication 共Rodgers 关1兴兲.
Gas turbine technology has advanced to the point where a natural gas fired personal turbine, rated at say 5 kW, could provide the
energy needs of an individual home, this including electrical
power, heating, and cooling. The turbine-alternator, about the size
Contributed by the International Gas Turbine Institute 共IGTI兲 of THE AMERICAN
SOCIETY OF MECHANICAL ENGINEERS for publication in the JOURNAL OF ENGINEERING FOR GAS TURBINES AND POWER . Paper presented at the International
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of a domestic dish washer, would operate unattended with no
vibration or noise, have single-digit emissions, and would be essentially maintenance free.
Such a small turbo-generator, using natural gas fuel, is ideally
suited for coupling with a solid oxide fuel cell 共SOFC兲 stack, as
already discussed by the authors 共Massardo et al. 关2兴兲 for a larger
microturbines 共50 kW兲, could meet the power needs of business
users, and also provide the total energy needs for villages and
communities in the developing countries.
This natural extension of existing microturbines is addressed in
this paper, and involves the coupling of a very small 共PT兲 stateof-the-art recuperated gas turbine with a high-temperature SOFC
stack. Such a hybrid plant, with an electrical output of about 36
kW, an overall efficiency of over 56%, a fuel utilization factor of
over 80%, no NOx emission, and very low carbon dioxide (CO2)
emissions—due to the very high fuel conversion efficiency—
could meet the total clean energy needs of many users in both the
individual nations and developing countries.
For the proposed hybrid concept, based on the state of the art
technology, the following topics are discussed: concept definition,
stack and system modeling, PT, SOFC, and HS performance at
design and off design conditions, system and energy costs, and
possible future developments.

Personal Turbine Technology
Large gas turbines have the advantage of both economy of performance and scale 共Wilson and Korakianitis 关3兴兲. The reverse is
true for very small gas turbines. Small engines, like the personal
turbine 共PT兲 discussed here, with a radial compressor and turbine
have significantly lower aerodynamic efficiencies. This is a result
of smaller blade heights, Reynolds number effects, tip clearance
effects, manufacturing tolerances, and surface finish, all of which
adversely affect efficiency. In addition, the geometries associated

Copyright © 2002 by ASME
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Saturator analysis for an evaporative gas turbine cycle
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Abstract
In this paper a thermodynamic assessment and a preliminary cost evaluation are given for an evaporative
gas turbine (EvGT) cycle packed humidiﬁer. Both background theory and simulation results are included.
Two diﬀerent approaches were used for the humidiﬁer system modelling: the full integration of the massenergy balance and mass transfer equations (called SAT model), and an atmospheric cooling tower-based
model (called CT model). Both approaches were used to perform component thermodynamic analyses and
to determine the humidiﬁer packing design.
Within these approaches, two simulation cases are discussed: a test case, with experimental results from
the pilot-plant of the University of Lund, and a case study of the saturators for the optimised HAT (humid
air turbine) cycles of a plant with a 50 MW power output. The two cases presented consider two diﬀerent
operating conditions for the saturator: the ﬁrst being a ‘‘non-optimised’’ saturator, and the later the
‘‘optimal’’ conﬁguration with reduced exergetic losses. For the case study, the saturator design and cost
evaluation are also included.
All simulation results were performed with the in-house SAT (SATurator simulation tool) code.
 2003 Elsevier Science Ltd. All rights reserved.
Keywords: EvGT; HAT; Humidiﬁer tower; Saturator

1. Introduction
HAT (humid air turbine) technology, initially proposed by Rao [1], can greatly enhance gas
turbine performance, especially with regard to eﬃciency and increasing speciﬁc work output. Such
an enhancement can be achieved by introducing an innovative component into the power plant
system layout: the saturator. This component, which acts as a pressurised humidiﬁcation tower,
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Hybrid systems for distributed power generation based on
pressurisation and heat recovering of an existing
100 kW molten carbonate fuel cell
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Abstract
In this paper, different pressurisation and heat recovering techniques for an existing 100 kW molten carbonate fuel cell developed by
Ansaldo fuel cells (formerly Ansaldo Ricerche) such as electrically driven compressors for anode (fuel) and cathode side (air), turbocharger,
simple cycle gas turbine and regenerated gas turbine are analysed and discussed.
The analysis has been carried out using for the FCS–MCFC stack simulation a model developed by the Thermochemical Power Group of
the University of Genoa carefully tested with available experimental design point data. The design point hybrid system configurations have
been analysed in detail using the code HS-MCFC based on the cited MCFC stack model and developed using Simulink language [Master
Thesis, University of Genoa, 2001].
The different hybrid systems design point performance are presented and discussed in great detail, taking into account efficiency, specific
power, costs, feasibility, and the need of modification of the existing FC–MCFC systems.
Due to the size of the hybrid systems investigated (100–150 kW) they are very interesting for distributed power generation applications.
# 2003 Elsevier Science B.V. All rights reserved.
Keywords: Molten carbonate fuel cell; Hybrid systems; Distributed power generation

1. Introduction
Fuel cells are electrochemical reactors that allow an
efficient and ecological conversion of energy. High efficiency close to 50% also at part load conditions, and low
pollution, make fuel cells a very interesting system for
distributed power generation.
In particular molten carbonate fuel cells (MCFCs) and
related hybrid systems have been analysed in this paper.
Their name comes from the electrolyte employed, a mixture

Abbreviations: MCFC, molten carbonate fuel cell; FCS, fuel cell
system; HS, hybrid system; SHR, sensible heat reformer; CCB, cathodic
catalytic burner; ECB, exhaust catalytic burner; TIT, turbine inlet
temperature; TOT, turbine outlet temperature; MGT, micro gas turbine;
GT, gas turbine; compr., compressor; turb., turbine; comb., combustion;
d.p., design point
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of alkaline carbonate (K, Na), inserted into a ceramic matrix
(LiAlO2); the anode and cathode are made of Ni powder, via
a proper tape-casting process. MCFCs belong to the ‘‘high
temperature’’ fuel cell class: the operating range is about
600–700 8C, in which the electrolyte has a good ionic
conductivity.
The main goal of this paper is the evaluation of the
possibility:
 to recover energy from MCFC exhaust gases, since they
are at very high temperature (700 8C) and (for pressurised
stack) at high pressure (0.35 MPa);
 to pressurise the stack itself;
 to generate extra electrical power to increase the system
performance from the point of view of the efficiency, the
specific power, the costs; etc.
In particular, in this work the MCFC stack has been
considered with reference to an existing plant, named here
fuel cell system (FCS) developed by Ansaldo fuel cells,
(formerly Ansaldo Ricerche), based on a molten carbonate
fuel cell stack [2]. The performance of the FCS–MCFC
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A New Generalized Carbon Exergy
Tax: An Effective Rule to Control
Global Warming
An instrument for promoting CO 2 emission reductions, taking the Kyoto Protocol goal
into account, could be the assignment to energy conversion plants of a monetary charge
linked to their specific emission intensity, usually called carbon tax. There are two main
problems closely connected with this approach: the estimation of the charge (that must be
related to the ‘‘external’’ cost associated with CO 2 emission) and the choice of the
strategy to determine the amount of the imposed charge. In this paper an analytical
procedure proposed by the authors and called carbon exergy tax (CET) for the evaluation
of CO 2 emission externalities is presented. It is based on the thermoeconomic analysis of
energy systems, which allows second law losses to be quantified in monetary terms: the
resulting cost represents the taxation that is to be applied to the energy system under
examination, calculated without any arbitrary assumption. Since the complete procedure
of the CET evaluation is too complex to become a feasible instrument of energy policy,
hereby, after applying the procedure to some conventional and advanced power plants,
gas, oil, and coal-fueled, a new generalized approach, based on the results of the complete CET procedure, is proposed. The generalized CET evaluation requires much less
information about the energy system and thus a simple and effective energy policy rule to
manage global warming is obtained and available. 关DOI: 10.1115/1.1610013兴

Introduction
The criteria that will influence the evolution of the energy market this century will be based on the need to preserve the environment 共both locally and globally兲 through new technologies and
sustainable use of existing resources. This need is also ratified by
the guidelines of the various framework programs of the European
community and by international agreements such as the Kyoto
Protocol. In particular, the global warming problem, linked to
CO2 emissions, requires an energy policy approach at an international level devoted to CO2 regulation: The energy policy should
aim at punishing the inefficient use of fossil energy sources that
determines a larger emission of CO2 than a more efficient use.
Two main approaches are possible to deal with the global warming issue: the political approach and the economic approach,
关1–3兴, already discussed by the authors, 关4,5兴. The former
‘‘forces,’’ the latter ‘‘suggests’’ and makes low CO2 emission energy systems more competitive than conventional solutions. The
carbon exergy tax 共CET兲, proposed by the authors in the framework of the economic approach, 关6 –9兴, allows the CO2 emission
external cost to be evaluated on the basis of efficient utilization of
exergy resources. The idea is not to punish the energy production
activity (CO2 emissions are not toxic and moreover they are inevitably emitted in large quantities during hydrocarbon combustion processes兲 but the inefficient use of fossil fuels.
The carbon exergy tax should push the deregulated energy market towards the most efficient and advanced conversion technologies and towards renewable resources 共they should not be taxed
since they do not emit carbon dioxide兲; in addition, the CET is an
effective regulation for making CO2 sequestration economically
feasible, 关10–14兴.
In the present work the carbon exergy tax evaluation procedure
is briefly presented and is applied to power plants of different
Contributed by the International Gas Turbine Institute 共IGTI兲 of THE AMERICAN
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types and sizes, in order to discuss its effect on the economic
promotion of low CO2 emission configurations such as the HAT
or fuel-cell hybrid cycles. After that, a generalized approach that
maintains the same features of the rigorous CET method, but requires much less information about the energy system, is shown to
be possible. In this way a feasible proposal for CO2 emission
taxation is issued and its ability to effectively contribute to the
economic management of global warming is assessed.

Carbon Exergy Tax „CET…: Analytical Approach
The CO2 ‘‘external cost’’ should conceptually be equal to the
cost of the CO2 emission damage caused to the environment:
Once this cost is evaluated, it should be charged to the emitting
plant since it must repay the society for polluting the atmosphere.
When a procedure is being considered for the calculation of such
an ‘‘externality’’ of CO2 emissions, it should be taken into account
that carbon dioxide is not toxic and is even necessary for life. The
CET method shifts attention away from the effects 共global warming兲 to the causes 共exploitation of fossil resources兲 of CO2 production: to punish the inefficient use of scarce energy resources
that determines a larger emission of CO2 than an efficient use. The
proposed procedure is based on the concept of the inefficiency
* ) and it highpenalty (⌸  ), and the index of CO 2 emission (I CO
2
lights system inefficiencies that cause larger amounts of CO2 to be
* ) depend
released into the environment. Both terms (⌸  and I CO
2
on the technical characteristics of the system, contained in the
* are
vector x. The meaning and the expressions of ⌸  and I CO
2
presented in the following.
Inefficiency Penalty. The inefficiency penalty term has this
expression:
⌸  共 x兲 ⫽3600•N• 兵 C irr 共 x兲 ⫹C w 共 x兲 其
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where the cost of destroyed exergy is
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Thermoeconomic Analysis of Gas
Turbine Plants With Fuel
Decarbonization and Carbon
Dioxide Sequestration
In this paper the thermoeconomic analysis of gas turbine plants with fuel decarbonization
and carbon dioxide sequestration is presented. The study focuses on the amine (MEA)
decarbonization plant layout and design, also providing economic data about the total
capital investment costs of the plant. The system is fuelled with methane that is chemically
treated through a partial oxidation and a water-gas shift reactor. CO2 is captured from the
resulting gas mixture, using an absorbing solution of water and MEA that is continuously
recirculated through an absorption tower and a regeneration tower: the decarbonized fuel
gas is afterwards burned in the gas turbine. The heat required by CO2 sequestration is
mainly recovered from the gas turbine exhausts and partially from the fuel treatment
section. The reduction in efficiency and the increase in energy production costs due to fuel
amine decarbonization is evaluated and discussed for different gas turbine sizes and
technologies (microturbine, small size regenerated, aeroderivative, heavy duty). The necessary level of carbon tax for a conventional plant without a fuel decarbonization section
is calculated and a comparison with the carbon exergy tax procedure is carried out,
showing the good agreement of the results. 关DOI: 10.1115/1.1587744兴

Introduction
The Third Conference of the Parties to the Framework Convention on climate change at Kyoto, Japan, required industry to seek
new solutions to restrict the production and the emission of greenhouse gases from human activities. For the power industry such
restrictions mainly apply to carbon dioxide which is emitted into
the atmosphere when fossil fuels 共methane, coal, oil兲 are burnt to
produce energy.
Fossil fuels are at present, and will be for the following decades, the most important source for satisfying the world’s energy
demands. Unfortunately this precludes the possibility of drastically reducing carbon dioxide emissions, despite the increases in
power plant conversion efficiency and the exploitation of low C/H
content fuels, such as methane.
Nuclear and renewable energy could be alternative solutions
but the use of nuclear energy raises political and security issues
and renewables present economic and infrastructural problems.
Therefore, research efforts are being directed towards innovative power plants capable of first concentrating and then removing
carbon dioxide from fossil fuels. Three main strategies have been
proposed:
A Exhaust Gas Treatment. With very few changes to existing
gas turbines, it would be possible to install a chemical treatment
plant able to operate on the whole exhaust flow downstream from
the gas turbine, 关1,2兴.
B Fuel Decarbonization. Hydrogen is not directly available in
nature, but it can be produced by properly treating hydrocarbons:
A partial oxidation or a steam-methane reforming reaction followed by a water-gas shift reaction could be used to achieve this
goal, 关3兴.
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C Use of Carbon Dioxide as the Working Fluid. It is possible
to build a power plant where the expander flow is composed only
of carbon dioxide and water 关4兴.
The proposed available technologies to separate carbon dioxide
from a syngas are based on the principles of:
1 Chemical Absorption. The use of an aqueous solution of
blended amines represents the most mature technology that can be
transferred to power plants, 关1,3,5,6兴.
2 Physical Absorption. The technique is based on the variation
of CO2 solubility within a solvent at different pressures, 关5,6兴.
3 Adsorption. Some materials can adsorb a particular gas: The
flow is led to licking up the adsorbent bed, 关5,6兴.
4 Cryogenic. Carbon dioxide can be removed from a syngas
using low temperature condensation, 关5,6兴.
5 Separation Using Membranes. Separation is achieved by
compression of the feed stream, which forces the gaseous components with the higher permeability values to permeate through the
membrane, 关5,6兴.
The TPG 共Thermomechanical Power Group兲 of the University
of Genoa has investigated models of simple-cycle gas turbine
plants with fuel decarbonisation and CO2 sequestration. The aim
of this work is to explain what the use of a fuel treatment and CO2
chemical absorption section involves in terms of performance,
efficiency, capital costs, and cost of energy. The study focuses on
four different gas turbines: a microturbine Turbec T-100, a Nuovo
Pignone PGT-2, a heavy-duty Siemens V64.3a, and an aeroderivative GE-LM6000.
To carry out thermodynamic and thermoeconomic analysis the
in-house TEMP code 共ThermoEconomic Modular Program兲, 关7,8兴,
was used. Three new modules were added to the code to simulate
a partial oxidation reactor, a water-gas shift reactor and a chemical
absorption plant for CO2 sequestration. Thermodynamic results
and chemical compositions of streams were verified with the help
of the commercial code PRO/II, 关5,9兴.
Each TEMP module is provided with a specific ‘‘cost/costing
function’’ which evaluates the capital cost of the component on
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The aim of this work is to investigate the performance of internal reforming solid oxide
fuel cell (IRSOFC) and gas turbine (GT) combined cycles. A mathematical model of the
IRSOFC steady-state operation was presented in Part I of this work coupled to the
thermodynamic analysis of a number of proposed IRSOFC-GT combined cycles, taking
into account the influence of several technological constraints. In the second part of this
work, both an exergy and a thermoeconomic analysis of the proposed cycles have been
carried out using the TEMP code developed by the author. A suitable equation for
IRSOFC cost evaluation based on cell geometry and performance has been proposed and
employed to evaluate the electricity generation cost of the proposed combined systems.
The results are presented and the influence of several parameters is discussed: external
reformer operating conditions, fuel-to-air ratio, cell current density, compressor pressure
ratio, etc. Diagrams proposed by the author for cost versus efficiency, cost versus specific
work, and cost versus system pressure are also presented and discussed.
关DOI: 10.1115/1.1492837兴

Introduction
Part I of this work 共Massardo and Lubelli 关1兴兲 presented an
analysis of atmospheric and pressurised solid oxide fuel cells
共SOFCs兲 associated with gas turbine 共GT兲 systems, from an electrochemical and thermodynamic point of view.
The proposed cycles, significantly simpler than those of other
systems presented in the literature, can be analyzed to show that
fuel cell technology can be well integrated with mature gas and
steam cycle technology to yield functional high efficiency power
generation schemes 共65 to 70% with atmospheric cells; 70 to 75%
with pressurised cells兲. The specific work of the proposed systems
is also considerably higher than for classical gas-steam combined
plants.
Nevertheless, in order to utilize SOFC-GT systems it is necessary to achieve low initial and running costs. Therefore, the importance of a joint thermodynamic and economic analysis is quite
evident.
A thermoeconomic approach which combines thermodynamic
analysis with economic considerations to optimize the system
共Agazzani et al., 关2兴, Agazzani and Massardo 关3兴, Agazzani et al.
关4兴, and Massardo and Scialò 关5兴兲 may be used to solve this problem.
In this work the thermoeconomic analysis of IRSOFC-GT combined cycles has been carried out using the tool TEMP 共thermo
economic modular program兲 developed by the authors. The modular organization of the code enables the user to perform quickly
and reliably a direct thermoeconomic analysis 共DTA兲 of the
IRSOFC-GT cycles.
Thanks to the adoption of apt cost functions for the different
components of the cycles 共including SOFC and steam reformer兲
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the analysis is particularly well suited for cost versus efficiency,
cost versus specific work, and cost versus system operative pressure evaluation.

Exergy Analysis
The IRSOFC mathematical model described in Part I of this
work 共Massardo and Lubelli 关1兴兲 has been integrated into the
TEMP code, a simulator tool for the thermoeconomic analysis of
advanced thermal energy systems developed by the author 共Agazzani and Massardo 关3兴兲. In this way the complete energy analysis
of the proposed IRSOFC-GT combined cycles can be obtained,
taking into account several technological constraints already discussed in Part I.
The results of the exergy analysis carried out on the FCGTI
system 共atmospheric fuel cell兲 are shown in Fig. 1: These results
have been obtained for a current density equal to 3000 A/m2, the
external reformer being at equilibrium condition, a fuel to air ratio
3.5%, and a compressor pressure ratio equal to 16. The second
law efficiency is 68.7% and the SOFC irreversibility rate is about
23% of the total, while the combustion chamber value is about
25.8%. This result can be explained taking into account that the
second-law efficiency of the SOFC is very high, 94.5%, due to the
ordered electrochemical conversion that takes place inside the
cell. The low-efficiency value of the combustion chamber justifies
the high irreversibility rate of this component 共moreover it must
be taken into account that the fuel burned in the combustion
chamber is a very small part of the whole system input fuel兲.
Other components that show high irreversibility rates are the
reformer 共6%兲, the expander 共6.4%兲, the compressor 共4.5%兲, the
evaporator 共4.2%兲, and the stack 共12.8%兲.
The influences of compressor pressure ratio and external reformer operative conditions have been investigated and the results
are shown in Fig. 2: When the external reformer operates at equilibrium condition the pressure ratio influence is quite evident in
the cell and the combustion chamber, while the other irreversibility distributions remain practically constant. When the external
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Abstract
A proposed analytical procedure for a charge on CO2 emissions is used to determine its impact on the
design process of different conventional energy systems. The charge on CO2 emissions is defined as a
Carbon Exergy Tax (CET). The CET utilises the concept of Efficiency Penalty of the energy system coupled
with the Index of CO2 Emissions, which connects the amount of the CO2 emitted by the plant with the
Second Law efficiency of the plant itself. The aim is to reward the efficient use of energy resources, both
from a resource and environmental standpoint, and to penalise plants inefficient in this respect. The CET
and the conventional Carbon Tax (CT, based on energy policy considerations and imposed on the mass
of emitted CO2) are applied to different conventional energy systems (a gas turbine simple cycle; a regenerative cogeneration gas turbine; a three pressure levels combined cycle) in order to determine their impact
on the design of the plants. The effects of the CET and CT are investigated for different scenarios (pressure
ratio, fuel cost, etc.). The results are presented using useful representations: the cost of electricity vs.
efficiency, the cost of electricity vs. specific work, and the cost of electricity vs. plant design parameters
(e.g., pressure ratio). Finally, ways that the use of the CET can contribute to the widespread utilization of
advanced energy systems, which are more efficient and less polluting, is discussed. In particular, the CET
and CT influence is presented and discussed for a solid oxide fuel cell (SOFC) and gas turbine combined cycle.
 2003 Elsevier Science Ltd. All rights reserved.
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Simplified Versus Detailed Solid
Oxide Fuel Cell Reactor Models
and Influence on the Simulation
of the Design Point Performance
of Hybrid Systems
High-efficiency hybrid systems (HS) based on the coupling of solid oxide fuel cells
(SOFCs) and gas turbines (GT) are analyzed in this paper through the use of two different
approaches: simplified and detailed SOFC models. The simplified model, already presented by the authors, is very useful for HS design and off-design analysis. The detailed
model, developed by the authors and verified through the use of available experimental
data, allows the complete description of the SOFC reactor’s internal behavior to be
obtained. The detailed model can also be utilized for HS modeling. Both models are
presented and discussed in this paper, and they are compared to each other. The results
obtained for the stand-alone SOFC reactor, and the HS design point configuration are
presented and carefully discussed, also taking into account the nonlinear SOFC response.
关DOI: 10.1115/1.1719029兴

Introduction
High-temperature fuel cell–gas turbine 共FC/GT兲 hybrid systems have exceptional potential to improve both the local and
global environmental impact of power generation. Their near-zero
emissions and low noise will enable their use in populated areas,
reducing the community’s dependence on overhead electrical
transmission and distribution systems and leading to improvements in the quality of life. Furthermore, their potential to generate electricity at a greater efficiency than conventional CHP plants
even at relatively small scales, makes them economically attractive. The key point for the economic and technical development of
FC/GT power generation plants is the possibility of predicting
performances both at design and off-design conditions. Also a
good knowledge of the system transients at critical operating
points such as the system startup and shutdown helps to prevent
breakdown or serious damage to the overall plant. As a result,
simulation plays an important role in the design of these systems
and, in particular, the simulation of the SOFC electrochemical
reactor 共which is a key component of the plant兲 is a critical aspect,
which is under intensive study at present, 关1–5兴. Different types of
simulation models have been proposed for solid oxide fuel cells
共SOFCs兲, and they can be classified as 共i兲 models based on the
interpolation of experimental data of reactor behavior under different operating conditions, 关6兴; 共ii兲 approaches based on balance
equations in the form of macroscopic balances, i.e., finite equations. These equations simply express a balance between inlet and
outlet flows of mass and energy, and allow the evaluation of the
average values of the physical-chemical variables 共i.e., temperatures, concentrations, etc.兲, and the electrochemical performance
of the SOFC reactor as a function of the operating conditions, 关7兴;
and 共iii兲 modeling approaches based on balance equations written
as local balances, 关8,9兴 in the form of partial differential equations. These equations need numerical integration along the SOFC
Contributed by the International Gas Turbine Institute 共IGTI兲 of THE AMERICAN
SOCIETY OF MECHANICAL ENGINEERS for publication in the ASME JOURNAL OF
ENGINEERING FOR GAS TURBINES AND POWER. Paper presented at the International Gas Turbine and Aeroengine Congress and Exhibition, Amsterdam, The Netherlands, June 3– 6, 2002; Paper No. 2002-GT-30653. Manuscript received by IGTI,
Dec. 2001, final revision, Mar. 2002. Associate Editor: E. Benvenuti.
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geometrical co-ordinates, allowing a detailed evaluation of the
distribution of the physical-chemical variables 共temperature, gas
compositions, electrical current density, etc.兲 within the SOFC.
Considering that the SOFC model is often included as a module
in the simulation of a hybrid system, even if the simplified approaches are less accurate than the detailed ones, this loss of accuracy is sometimes acceptable within the framework of the overall plant evaluation. In those cases a significant reduction of
computational time is achieved obtaining reasonably approximated results. On the other hand, it has to be said that simplified
models do not allow a deep investigation of the status of the
SOFC reactor, and there are several significant cases where critical issues, such as hot spots and/or steep temperature gradients,
dangerous for the stability of the materials involved, can arise and
cannot be detected through the simplified models. These issues,
and in particular the limitations of the different types of simulation tool, are investigated in the present work, with particular
reference to a pressurized tubular SOFC coupled to a recuperated
micro gas turbine 共MGT兲 with variable speed control. Critical
aspects such as the lightoff and the extinction of the SOFC, and
the sensitivity of the plant model to the accuracy of the simulation
in this respect have been investigated both at the design point and
at off-design conditions.

Simplified Versus Detailed SOFC Reactor Models
The cell geometry taken into consideration is tubular, with a
design similar to the one proposed by Westinghouse, 关10兴; a simplified scheme of the cell and of some surrounding facilities, such
as the pre-reformer, the pre-heater, etc., is reported in Fig. 1. We
wish to point out that the dimensions of the SOFC under consideration are typical of the pre-commercialization phase currently in
progress 共for example, the cell length is 1.5 m兲. The cell is considered to be coupled to a pre-reforming unit, which feeds the
SOFC with a mixture of H2 , CH4 , CO, CO2 , H2 O. As a consequence, chemical reactions such as shifting and methane reforming occur in the anodic compartment of the SOFC. Two models
have been developed and they are presented in the following:
Since the equations of the simplified model are easily explained
by considering them as a simplification of the detailed model, the
latter model will be presented first.

Copyright © 2004 by ASME
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Abstract
This work deals with the design and off-design performance evaluation of an anodic recirculation system based on ejector technology
for solid oxide fuel cell hybrid applications.
The analysis presented here has been divided into three parts: (i) ejector design taking into account all the thermodynamic, fluid dynamic
and chemical constraints, such as steam to carbon ratio (two ejector geometries have been considered: constant area mixing section,
constant pressure mixing section); (ii) stand-alone ejector design and off-design performance analysis; (iii) influence on the whole hybrid
system—SOFC, reformer, anode recirculation-design and off-design performance of the ejector primary flow conditions (hybrid system
part-load conditions).
© 2003 Elsevier B.V. All rights reserved.
Keywords: Ejector; Anodic recirculation; SOFC

1. Introduction
Ejectors have been studied for many years, especially for
applications in the alimentary industry, chemical industry,
oil plants, and airplane jet propulsion [1–4]. In the ejector
(Fig. 1) a primary fluid at high pressure expands in a nozzle and enters a duct, at high velocity, where it mixes with
another gas (secondary or entrained fluid) coming in from
a second line [1,5]. The two flows come into contact in the
so-called mixing duct, where the driving fluid transfers part
of its momentum to the secondary low-velocity flow. The
mixing phase is considered complete when uniformity is
reached from the point of view of the speed and temperature
profiles (and in this case also the chemical composition profile). At this point the high-speed flow enters the diffuser to
convert kinetic energy into pressure to reach a higher value
than that of the secondary inlet one. In this sense the ejector
operates as a compressor, but with no moving parts.
In this work the application of ejector technology to solid
oxide fuel cell anodic recirculation, as shown in Fig. 2, is
analysed. There are many differences between this applica-
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tion of the ejector and the traditional ones, specifically due to
the chemical composition and temperature of the gases and
the constraints to be considered. In the present application
the primary fluid is fuel (methane or natural gas) preheated
to 400–500 ◦ C, while the secondary one is the cell exhaust
anodic flow, mainly composed of carbon dioxide and steam
at a temperature around 1000 ◦ C [6].
The main goals of the ejector in the SOFC anodic recirculation system are to:
• Maintain fuel cell pressure at the required level, taking
into account the pressure losses inside the fuel cell anodic
zone and reformer.
• Recirculate sufficient secondary mass flow to obtain the
proper operation of the reformer.
• Recirculate sufficient secondary flow to have an apt steam
to carbon ratio to avoid carbon deposition in the cell and
in the reformer. In fact to avoid carbon deposition the ratio
between the primary flow (fuel) and the secondary one
may be very high, usually higher than in ejector systems
for traditional applications.

2. SOFC anodic recirculation with ejectors
As already stated, the main objective of the ejector recirculation system is to recirculate part of the anodic exhaust
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T

he gas phase oxidation of toluene was studied as an alternative way to obtain
benzaldehyde and benzoic acid. A traditional support (TiO2) and a new mixed
Al2O3–TiO2 support for the active catalyst element, vanadium, was used. The oxidation
process was investigated by either using a packed bed reactor or inorganic membrane reactors.
Vanadium was deposited on the supports (powder or inorganic membranes) through either ion
exchange or impregnation from a solution of ammonium metavanadate. The catalysts were
characterized in terms of vanadium content and distribution, morphology, specific surface area
and porosity. The reaction runs quantified catalytic activity of the catalysts prepared. The effect
of the temperature and of the hydrocarbon=oxygen ratio was investigated. Selectivity to
intermediate oxygenated products was higher for vanadium supported by Al2O3–TiO2 and
when the hydrocarbon to oxygen ratio was higher, the formation of carbon oxides was lowered.
Finally inorganic membrane reactors were explored using different reactor configurations (i.e.
both the reactants, toluene and oxygen, were flowed inside a inorganic membrane tube with
catalytic walls, or were forced through the membrane from the internal side to the outer side).
Keywords: toluene oxidation; packed bed reactor; membrane reactor; mass transfer limitation;
vanadium deposition; product selectivity.

INTRODUCTION

and others gaseous (inert gases, carbon monoxide and
carbon dioxide). However, the gas phase oxidation of
toluene has not been considered since early patents were
obtained, given that the presence of combustion reactions
leads to unsatisfactory yields of intermediates products
(Dunker, 1964). Recent improvements in the catalyst performance have once more renewed interest in the process.
Vanadium is the catalyst most widely used to carry out
these kinds of reactions and is generally supported by titania
(TiO2). Grzybowska-Swierkosz (1997) in reviewing the
V=titania catalyst in the partial oxidation of alkylaromatics
found good efficiency for the conversion of xylenes, but for
toluene reported low selectivity to benzoic acid. Bulushev
et al. (2000a, 2001) extensively studied the partial oxidation
of toluene on V=TiO2 catalytic systems and indicated that
the V=titania catalyst can suffer from a deactivation problem
due to the deposition of coke. The main attention in these
systems was focused in increasing the activity by promotion
with alkali metals or adding molybdenum (Matralis et al.,
1996; Bulushev et al., 2000b; Martin et al., 2002). A
positive aspect of the deposition of vanadium on titania is
that it can be present as a stable monolayer (Bond, 1997)
without the formation of V2O5 clusters. On the negative side
commercial titania has a very low specific surface area (10–
70 m2g1). As a possible alternative to a titania support,
alumina (Al2O3) can be obtained with elevated specific

Benzoic acid (BAC) and benzaldehyde (BA) are chemical
intermediates of great relevance to the chemical industry.
Benzoic acid is, for example, used in the field of alkyd
resins or to prepare e-caprolactam whereas benzaldehyde is
used in the dye and perfume industry and as an intermediate
in the manufacture of pharmaceuticals and fine organics.
The main production route of these compounds is the liquid
phase oxidation of toluene, but many other compounds are
formed during the process and the successive separation
operations significantly contribute to the total cost of the
desired products (Maki and Suzuki, 1985). Moreover,
another drawback is given by corrosion problems associated
to the type of solvent used (specifically acetic acid).
An alternative way to obtain benzoic acid and benzaldehyde is by the gas phase oxidation of toluene. By using a gas
phase process the separation of the products is simpler, for
example it can be carried out by cooling the product stream,
because some products at room temperature and pressure are
solid (i.e. benzoic acid), others are liquid (i.e. benzaldheyde)
*Correspondence to: Professor R. Di Felice, Dipartimento di Ingegneria
Chimica e di Processo ‘‘G.B. Bonino’’, Università degli Studi di Genova,
via Opera Pia 15, 16145 Genova, Italy.
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Abstract
Hydrogenation and oxidation reactions can be carried out in very mild conditions using a three-phase catalytic reactor. The
challenge is to overcome the diffusion resistance that affects this type of reactor. The catalytic membrane reactor (CMR), where
the membrane is used not only as physical selective barrier but also as a chemical reactor, can be an efficient alternative to more
conventional systems in improving the contact among solid catalyst, gas and liquid. The performances of different catalytic
membranes were explored in the hydrogenation–isomerisation of methylenecyclohexane, in a temperature range between 288
and 343 K. Comparisons between a classic batch stirred tank and CMR were also carried out. Various characteristics of the
reacting system, such as the overall process rate, the effect of temperature, the reaction order with reference to the substrate and
the hydrogen and reaction selectivity were studied.
© 2003 Elsevier B.V. All rights reserved.
Keywords: Three-phase catalytic membrane reactor; Membrane; Hydrogenation; Isomerisation; Multiphase reactors

1. Introduction
Membranes are becoming an increasingly popular
alternative to traditional systems in the separation of
multicomponent mixtures, either in the gas or in liquid
phase. The principal characteristic of a membrane is
its structure (e.g. a porous structure), which selectively
allows components to pass from one side to the other.
Typical examples are the separation of gas mixtures,
∗ Corresponding author. Tel.: +39-10-3536197;
fax: +39-10-3536199.
E-mail address: capannel@unige.it (G. Capannelli).

where the smaller gas molecules such as hydrogen are
separated from larger components, or the production
of freshwater from the seawater, where the membrane
in this case let the solvent molecules through while
retaining most of the solute.
This specific membrane behaviour has another obvious application in the field of reaction engineering.
The idea here is very simple and one that chemical engineers are still researching: a single unit which would
carry out reaction and product separation at the same
time. Gas-phase reactions, where the physical barrier
is used to keep the reactant and products separated as
much as possible, are a possible exploitation of this
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Abstract
Three identical upflow laboratory-scale biofilters, inoculated with the benzene-degrading strain Pseudomonas sp.
NCIMB 9688 but filled up with different packing media (PM), specifically raw sugarcane bagasse, sieved sugarcane
bagasse and peat, were employed to eliminate benzene from waste air. Biofilters performances were evaluated by
continuous runs in parallel at different influent benzene concentrations, sequentially stepped up through three different superficial gas velocities (31, 61, and 122 m h−1 ). The peat-packed biofilter exhibited the best performances
over the whole experimentation, ensuring removal efficiency of 100% for influent benzene concentrations ≤0.05 g
m−3 , regardless of the superficial gas velocity, and up to 0.4 g m−3 at 31 m h−1 . Maximum elimination capacities of
biofilters packed with raw and sieved sugarcane bagasse and with peat were 3.2, 6.4 and 26 g mPM −3 h−1 at 6.1, 12
and 31 g mPM −3 h−1 loading rates, resulting in 52, 53 and 84% removals, respectively. The bacterial concentration
distribution along the medium was shown to depend on the benzene loading rate and a correlation between specific
benzene elimination rate and biomass concentration was established for biofilters packed with sieved sugarcane
bagasse and peat. The macrokinetics of the process were also studied using the profiles of benzene and biomass
concentrations, collected under different conditions over the height of both biofilters, and a zeroth-order kinetic
model was shown to describe successfully the degradation process.
Abbreviations: Biofilter A – biofilter packed with raw sugarcane bagasse; Biofilter B – biofilter packed with sieved
sugarcane bagasse; Biofilter C – biofilter packed with peat; BLR – benzene loading rate, g mPM −3 h−1 ; CFU –
colony-forming-units; Cg , Cge , Cgo – benzene concentrations in the gaseous phase along the packing medium, in
the outlet gas and in the inlet gas, g m−3 ; η – removal efficiency (%); EC – elimination capacity, g mPM −3 h−1 ;
h – height of a bed section, m; H – total packing medium height, m; ko – volumetric benzene degradation rate, g
mbiofilm −3 h−1 ; PM – packing medium; Ug – superficial gas velocity, m h−1 .

Introduction
Microorganisms are the workhorses in biofiltration
systems; therefore, maintenance of suited conditions
within the package is essential for long-term biofilter
operation. Properly controlled biofilters proved to be
effective in the removal of a broad range of gaseous
contaminants, among which volatile aromatic compounds. Their efficiency can be affected significantly

by various factors including moisture content, pH,
temperature, microflora, nutrient availability, accessibility to the target contaminants, pressure drop, gas
residence time, and packing medium (Zilli & Converti
1999; Auria et al. 2000; Veiga & Kennes 2001).
The packing medium (PM) plays an important
role on the biofilters performance in that it must: (a)
guarantee living conditions for the microflora; (b) immobilize the cells to prevent washout; (c) behave as
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Analytical Blade Row Cooling
Model for Innovative Gas Turbine
Cycle Evaluations Supported by
Semi-Empirical Air-Cooled Blade
Data
With the objective of performing reliable innovative gas turbine cycle calculations, a new
procedure aimed at evaluating blade cooling performance is presented. This complete
analytical (convective and film) blade cooling modeling provides the coolant mass flow
and pressure loss estimation, and is a useful tool in the field of innovative gas turbine
cycle analysis, mainly when alternative fluids are considered. In this case, in fact, the
conventional semi-empirical data based on the use of air as traditional coolant and
working media are no longer suitable. So the analytical approach represents a way of
properly investigating alternative cooling methods and fluids. In the presented analysis
the effects of internal blade geometry on cooling performance are summarized by the Z
parameter, which also highly affects the coolant flow pressure losses. Since existing technology represents a natural starting point for the assessment of Z, the model is able to
automatically estimate a proper value relying only on available semi-empirical data
which were established for air-cooled gas turbine blades. When alternative fluids are
considered, the same estimated value of Z is still maintained for the calculation, with the
result of investigating the performance of existing blade technology for novel operational
conditions. This represents an example of how the analytical approach, supported by
conventional air-cooled blade semi-empirical data, appears as an innovative tool in the
analysis of novel gas turbine cycles. In fact, the simulation results for the cooled blade
were easily employed on the whole system level (gas turbine). 关DOI: 10.1115/1.1707030兴

Introduction
In a society where economic and low-polluting power production has become of vital importance, the development of cheap,
new, and clean power plants is important. In such a scenario the
advent of the deregulated electricity market has reinforced the
quest for cheap, clean, reliable and efficient means of heat and
electric power generation.
This ongoing trend, which is very likely to continue and even
increase in the future, not only includes attempts to improve existing thermal cycles but also to develop new ones, most of which
consider alternative fluids and working media. In the field of
cycles based on the use of gas turbines, new solutions have been
proposed, such as: the humid air turbine cycle, 关1,2兴, the
SOFC-GT cycle, 关3,4兴, and the Matiant cycle, 关5兴. Moreover, the
realization of steam cooling in combined cycles is the main apparent example of innovative design at a cycle level, 关6兴.
Another important aspect is that the step from the theoretical
analysis to the hardware demonstration of the new technologies
should require significant effort in research and technological development, 关7,8兴 and could comprise considerable risk and high
cost. This in turn means that it is uncertain how many and what
innovative gas turbine cycles will actually be turned into operating power plants. Hence, it is necessary to identify what cycles are
technically and economically interesting at an earlier stage, 关2,9兴.
A natural starting point for the hardware demonstration of an
Contributed by the International Gas Turbine Institute 共IGTI兲 of THE AMERICAN
SOCIETY OF MECHANICAL ENGINEERS for publication in the ASME JOURNAL OF
ENGINEERING FOR GAS TURBINES AND POWER. Paper presented at the International Gas Turbine and Aeroengine Congress and Exhibition, Amsterdam, The Netherlands, June 3– 6, 2002; Paper No. 2002-GT-30519. Manuscript received by IGTI,
Dec. 2001, final revision, Mar. 2002. Associate Editor: E. Benvenuti.
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innovative cycle should be existing gas turbine technology. Therefore, it is important to assess how existing gas turbines will operate, adopting alternative coolants and working media which are
often of interest in innovative cycles.
The present paper deals with the problem of evaluating the
influence of changing fluid composition on the analysis of the
performance of innovative gas turbine-based cycles, with the purpose of increasing the reliability of the results at the gas turbine
system level.
A method for estimating the performance and the required technological development only for convectively cooled vanes which
are operating in the presence of alternative media has been previously proposed by the authors, 关10兴. In the present work, this
method has been carefully revised and extended to include film
cooled blades too.
The adopted analytical approach allows the blade cooling
analysis in presence of alternative fluids to be obtained. At the
same time, the assessment of a few parameters through the use of
the air cooled blade semi-empirical data not only should improve
reliability, but also avoid the need of a large number of input data
共mainly geometrical data兲 necessary to run such an analytical calculation. This makes the model a worthwhile and user-friendly
tool when blade cooling performance has to be evaluated at the
gas turbine system level for the investigation of traditional and
innovative cycles.

Film Cooling Model
In a previous work, 关10兴, the authors have focused on the case
of convective blade cooling analysis. In the present work this procedure has been carefully revised and extended to include film

Copyright © 2004 by ASME

Transactions of the ASME

Ottimizzazione termoeconomica di recuperatori
compatti per cicli a microturbine a gas.
Parte A: approccio analitico
Federico Zanzarsi, Alberto Traverso, Aristide Massardo
TPG - Thermochemical Power Group
Dipartimento di Macchine, Sistemi Energetici e Trasporti (DiMSET)– Università di Genova

ABSTRACT
This paper presents the collaboration between Ansaldo Ricerche, Genova, and the
Thermochemical Power Group (TPG) of the Dipartimento di Macchine Sistemi Energetici e
Trasporti (DiMSET) of the Università di Genova for the development of advanced
technologies in the distributed micro-cogeneration field.
The work deals with the organization, theoretical background and application of a new
software tool for the optimisation of the technical and economical design of microturbine
recuperators. The code called CHEOPE (Compact Heat Exchanger Optimisation and
Performance Evaluation) considered two types of recuperator concept, which proved to be the
most promising for microturbine applications: the furnace-brazed plate-fin type and the
welded primary surface type.
This first part of the work summarises the general rules for design and performance
evaluation of gas-gas heat exchangers, in the form suitable for the two types of recuperator
considered. Moreover, the cost equation, employed to estimate the capital cost of these types
of heat exchanger, is discussed.
CHEOPE can be used both for solving the sizing problem and the rating problem.
With regard to the former, the code is capable of a special optimisation of the recuperator
matrix, which takes into account the compactness, the pressure drops and the expected cost of
the device. The objective function can be customized according to the designer’s priorities.
The tests performed for the validation are presented, and three case studies are illustrated for
three different microturbine sizes, for a 50kW, a 100kW and a 500kW machine.

SOMMARIO
In questo articolo si presenta l’attività condotta in collaborazione fra la società Ansaldo
Ricerche di Genova ed il Thermochemical Power Group (TPG) del Dipartimento di Macchine
Sistemi Energetici e Trasporti (DiMSET) dell’Università di Genova per lo sviluppo di
tecnologie avanzate per la microgenerazione distribuita. In particolare, il lavoro qui descritto
riguarda l’analisi dettagliata degli scambiatori di calore adatti al recupero del calore residuo
nei gas in uscita dall’espansore e più in generale degli scambiatori compatti che operano con
aeriformi. Tali componenti, detti recuperatori, sono scambiatori gas-gas che operano ad
elevate temperature e influenzano significativamente le prestazioni dei sistemi energetici
basati sull’utilizzo di microturbine. L’attività svolta ha portato allo sviluppo del codice
CHEOPE (Compact Heat Exchanger Optimization and Performance Evaluation) per il
progetto ottimizzato (sizing problem) e l’analisi off-design (rating problem) degli scambiatori
gas-gas che utilizzano tecnologia “plate fin” e “primary surface”.
In questa prima parte si presenta l’approccio analitico seguito. L’analisi teorica
“classica” è stata adattata a questi particolari tipologie di scambiatori e le correlazioni per il
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ABSTRACT
This paper presents the collaboration between Ansaldo Ricerche, Genova, and the
Thermochemical Power Group (TPG) of the Dipartimento di Macchine Sistemi Energetici e
Trasporti (DiMSET) of the Università di Genova for the development of advanced
technologies in the distributed micro-cogeneration field.
The work deals with the organization, theoretical background and application of a new
software tool for the optimisation of the technical and economical design of microturbine
recuperators. The code called CHEOPE (Compact Heat Exchanger Optimisation and
Performance Evaluation) considered two types of recuperator concept, which proved to be the
most promising for microturbine applications: the furnace-brazed plate-fin type and the
welded primary surface type.
This second part of the work describes optimisation of the recuperator matrix, which
takes into account the compactness, the pressure drops and the expected cost of the device.
The objective function can be customized according to the designer’s priorities.
The tests performed for the validation are presented, and one case study is illustrated for a a
100kW machine.
SOMMARIO
In questo articolo si presenta l’attività condotta in collaborazione fra la società Ansaldo
Ricerche di Genova ed il Thermochemical Power Group (TPG) del Dipartimento di Macchine
Sistemi Energetici e Trasporti (DiMSET) dell’Università di Genova per lo sviluppo di
tecnologie avanzate per la microgenerazione distribuita. In particolare, il lavoro qui descritto
riguarda l’analisi dettagliata degli scambiatori di calore adatti al recupero del calore residuo
nei gas in uscita dall’espansore e più in generale degli scambiatori compatti che operano con
aeriformi. Tali componenti, detti recuperatori, sono scambiatori gas-gas che operano ad
elevate temperature e influenzano significativamente le prestazioni dei sistemi energetici
basati sull’utilizzo di microturbine. L’attività svolta ha portato allo sviluppo del codice
CHEOPE (Compact Heat Exchanger Optimization and Performance Evaluation) per il
progetto ottimizzato (sizing problem) e l’analisi off-design (rating problem) degli scambiatori
gas-gas che utilizzano tecnologia “plate fin” e “primary surface”.
In questa seconda parte si presentano i risultati conseguiti mediante l’ausilio del codice
CHEOPE e la sua validazione, effettuata mediante misure sperimentali e dati riportati in
letteratura. Il dimensionamento ottimizzato di un recuperatore per una microturbina da
100kW elettrici viene analizzato in dettaglio, dimostrando le notevoli potenzialità degli
scambiatori “primary surface” che riescono a coniugare elevate efficienze di scambio con
bassi costi capitali. Infine, viene presentata l’analisi in condizioni di off-design di detto
scambiatore per due differenti strategie di controllo del ciclo recuperato a microturbina: con
numero di giri costante e con temperatura di ingresso turbina costante. Si dimostra come le
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Abstract
This work describes different models, developed by the
Thermochemical Power Group at the University of Genoa
(Italy), for the simulation of solid oxide fuel cell and gas turbine hybrid systems. The paper focuses on both ªcoresº of
the system: the fuel cell stack on the one hand and the turbomachinery and the auxiliaries on the other hand. Therefore,
in the first part of the paper the models developed for the
analysis of the Rolls-Royce Integrated Planar SOFC cells are
presented; the results are compared to experimental data,
and carefully analysed and discussed. In the second part of
the paper, design and off design models of IP-SOFC pressurised hybrid systems in the range 250 kW±20 MW are pre-

1 Introduction
Even though Solid Oxide Fuel Cells (SOFCs) have not yet
reached a level where they can compete with conventional
energy conversion technologies, a number of studies are currently under way, including some hybrid plants based on
SOFCs coupled with small gas turbines technology. Plant efficiencies are predicted to be close to 60±65%, at power values
from 100 kW to 20±30 MW, suitable for distributed generation. At the moment, integrated SOFC-microturbines (Hybrid
Systems) are at an early stage of testing, and technical-economic optimisation is an issue currently being addressed by
the developers [1, 2].
Two different possibilities are available to connect SOFCs
and gas turbine technologies [3, 4]: atmospheric (Figure 1) or
pressurised (Figure 2). In the first case the operative pressure

±
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sented; the hybrid performance results are presented and
discussed, also taking ambient condition effects and a possible control strategy into account. Finally, using an in-house
general purpose transient system analysis code (TRANSEO
code), where chemical composition, heat transfer, and fluid
dynamic influences vs. time are considered in detail, a preliminary time dependent investigation of a pressurised
hybrid system behaviour is presented.
Keywords: Design, Integrated Planar SOFC, Off-Design and
Transient Modelling, Pressurised Hybrid Systems, Solid
Oxide Fuel Cells

of the stack is atmospheric, while in the second case the stack
operates at the same pressure as the gas turbine cycle.
In previous work the authors demonstrated that pressurised hybrids perform better than atmospheric ones [5],
also discussed later in this paper.
Figure 2 [4] shows a flow schematic for a SOFC pressurised hybrid gas turbine system. The complete micro-turbine package may be regarded as a stand-alone unit that can
be operated independent of the fuel cell. With a compressor
pressure ratio of about 4, a turbine inlet temperature of 880±
930 C, and a recuperator effectiveness of 0.85±0.88, the Micro
Gas Turbine (MGT) estimated thermal efficiency is about
30% in the range 50±100 kWe. However, the current value of
the turbine inlet temperature matches well with the operating
temperature of the SOFC. For this reason, and to recover the
energy of the cell exhaust gases, a pressurised SOFC module
can substitute the combustor in the regenerated turbine plant,

±
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Parametric Performance of
Combined-Cogeneration Power
Plants With Various Power and
Efficiency Enhancements
The design-point performance characteristics of a wide variety of combined-cogeneration
power plants, with different amounts of supplementary firing (or no supplementary firing),
different amounts of steam injection (or no steam injection), different amounts of exhaust
gas condensation, etc., without limiting these parameters to present-day limits are investigated. A representative power plant with appropriate components for these plant enhancements is developed. A computer program is used to evaluate the performance of
various power plants using standard inputs for component efficiencies, and the designpoint performance of these plants is computed. The results are presented as thermal
efficiency, specific power, effectiveness, and specific rate of energy in district heating. The
performance of the simple-cycle gas turbine dominates the overall plant performance; the
plant efficiency and power are mainly determined by turbine inlet temperature and compressor pressure ratio; increasing amounts of steam injection in the gas turbine increases
the efficiency and power; increasing amounts of supplementary firing decreases the efficiency but increases the power; with sufficient amounts of supplementary firing and steam
injection the exhaust-gas condensate is sufficient to make up for water lost in steam
injection; and the steam-turbine power is a fraction (0.1 to 0.5) of the gas-turbine power
output. Regions of ‘‘optimum’’ parameters for the power plant based on design-point
power, hot-water demand, and efficiency are shown. A method for fuel-cost allocation
between electricity and hot water is recommended. 关DOI: 10.1115/1.1808427兴

Introduction
The popular use of the phrase ‘‘energy crisis’’ implies that this
‘‘energy’’ is something that is degraded as we try to capture its
usefulness. In engineering thermodynamics energy must be conserved 共or with Einstein’s theory of relativity, mass and energy are
conserved through ⌬E⫽⌬mc 2 , and a small reduction in mass
leads to the release of huge amounts of energy兲. Clearly there is an
abundance of energy on earth. At the same time there is concern
about our ability to efficiently convert this energy into the thermodynamic equivalent of work, a concept known as thermodynamic availability or exergy. We do not have an energy crisis; but,
we should be concerned about our continued ability to derive
exergy from fossil fuels indefinitely. Power plants with high efficiency and power density are essential.
In order to improve the ability of power plants to convert energy into exergy, utility companies have introduced combined
power plants, using more than one prime mover. There are several
ways to accomplish this, but the most common solution is a topping Brayton-cycle 共gas turbine兲 plant and a bottoming Rankinecycle 共steam turbine兲 plant, with claimed combined thermal efficiencies up to 0.60 and higher. The performance of these plants
may be improved further by various configurations of steam injection in the gas turbine, supplementary firing 共in the Rankine
cycle or other parts of the overall cycle兲, and other similar
schemes. 共For example: steam-injected gas turbine, Cheng, 关1兴;
STIG, Fraize and Kinney, 关2兴; Tuzson, 关3兴; evaporative, Frutschi
and Plancherel, 关4兴, and El-Masri, 关5兴; water-injected stoichiometric combustion, WISC, Patton and Shouman, 关6兴; humid air
turbine, HAT, and recuperated water-injected cycle, RWI, Chiesa
Contributed by the International Gas Turbine Institute and presented at the 42nd
International Gas Turbine and Aeroengine Congress and Exposition, Orlando, FL,
June 2–5 1997. Manuscript received November 1, 1996; final revision received February 1, 1997. Paper No. 1997-GT-0285. Associate Editor: H. A. Kidd.

et al., 关7兴, and Macchi et al., 关8兴; cascaded humidified advanced
turbine, CHAT, Nakhamkin et al., 关9兴; supplementary firing,
Finckh and Pfost, 关10兴兲. Frequently, as a by-product of combined
power plants one can also extract additional useful energy in the
form of hot water, a concept known as ‘‘cogeneration’’ of electric
power and hot water, usually for district heating 共for instance,
International Energy Agency, 关11兴; Horlock, 关12兴兲. The products
of combustion 共particularly of biomass兲 contain relatively large
amounts of water, which may be condensed to provide district
hot-water heating, or it may be condensed in the boiler 共preheater兲
of the steam turbine plant, thus increasing thermal efficiency further 共for instance, Nasholm et al., 关13兴; Nguyen and den Otter,
关14兴; Macchi and Poggio, 1994 关15兴兲.
While steam injection increases power output, it has the major
disadvantages of treated water consumption 共which must be replaced in the water-treatment component of the plant兲 and the
large thermal loss related to the latent heat of steam discharged to
the atmosphere with the exhaust. Exhaust-gas condensation is a
way to recuperate the latent heat in the combined cycle, and also
to recycle the condensate into the plant. Some of the above studies
directly or indirectly imply that supplementary firing into the
Rankine-cycle boiler can improve the efficiency of the combined
cycle. This appears contrary to basic thermodynamic principles,
which demand that, for maximum efficiency, energy 共heat兲 addition to the cycle must contribute to increasing maximum cycle
temperature. Most published results on cogeneration plants concentrate on measures of efficiency, without mentioning the equally
important parameter of power density. Various studies have been
published on predicting the theoretical efficiency, or power, or
size, of very restricted regions of combinations of these power
plants 关16 –19,12,20,21兴. We have not been able to find in the
open literature a parametric study of combined-cogeneration
plants that involves all three concepts of steam injection, supplementary firing, and exhaust gas condensation.
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1

Transient Analysis of and Control
System for Advanced Cycles
Based on Micro Gas Turbine
Technology
Microturbines have a less complex mechanical design than large-size gas turbines that
should make it possible to fit them with a more straightforward control system. However,
these systems have very low shaft mechanical inertia and a fast response to external
disturbances, such as load trip, that make this very difficult to do. Furthermore, the
presence of the recuperator requires smooth variations to the Turbine Outlet Temperature
(TOT), when possible, to ensure reduced thermal stresses to the metallic matrix. This
paper, after a brief overview of microturbine control systems and typical transients, presents the expected transient behavior of two advanced cycles: the Externally Fired micro
Gas Turbine (EFmGT) cycle, where the aim is to develop a proper control system set-up
to manage safe part-load operations at constant rotational speed, and a solar Closed
Brayton Cycle (CBC), whose control system has to ensure the maximum efficiency at
constant rotational speed and constant Turbine Inlet Temperature (TIT).
关DOI: 10.1115/1.1839918兴

Introduction

Microturbines are now considered ready to conquer energy
markets thanks to their flexibility and low maintenance, which
should make them extremely cost effective in the near future 关1兴.
Nevertheless, the microturbine control system represents a key
problem for stable operation at different working conditions, ensuring a flexible usage of the machine. The experience gained in
large-size turbine control systems 关2兴 can also be profitably exploited in the microturbine field, but the time scale of the phenomena are extremely reduced due to the small mechanical inertia of
the shafts, which make microturbines difficult systems to control.
This paper focuses, first, on the simulation of the transient behavior in both the simple and the recuperated cycle of the micro
Gas Turbine 共the calculated data have been checked previously
with experimental ones, thanks to collaboration with ENEL 关3兴兲,
and secondly, on extensions to microturbine-based advanced
cycles, such as an Externally Fired micro Gas Turbine cycle
共EFmGT兲 and a Closed Brayton Cycle 共CBC兲 for solar applications, which are presented in detail. The former is actually under
construction at ANSALDO Ricerche 共ARI兲 laboratories, where
experimental activities will be undertaken in order to assess its
off-design performance 共off-design calculated performance and
transient behavior are presented in 关4兴兲. The latter represents a
case-study that has been conducted in collaboration with the Italian Space Agency 共ASI兲 to assess the control system to be implemented on this type of cycle, which is attractive because it offers
better performance and greater compactness than other static generators 关5–7兴.
When a microturbine cycle is modified into an Externally Fired
cycle 共EFmGT兲, the large thermal inertia of the heat exchanger
section becomes the most influential parameter acting on the transient behavior of the plant. Moreover, the coupling of the longterm response of the heat exchangers with the short-term response
Contributed by the International Gas Turbine Institute 共IGTI兲 of THE AMERICAN
SOCIETY OF MECHANICAL ENGINEERS for publication in the ASME JOURNAL OF
ENGINEERING FOR GAS TURBINES AND POWER. Paper presented at the International Gas Turbine and Aeroengine Congress and Exhibition, Atlanta, GA, June
16 –19, 2003, Paper No. 2003-GT-38269. Manuscript received by IGTI, Oct. 2002,
final revision, Mar. 2003. Associate Editor: H. R. Simmons.
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of the turbine rotor requires a suitable control system to protect
the machine from unstable behavior and dangerous operating regions, which may affect component life.
On the other hand, as far as a Closed Brayton Cycle 共CBC兲 for
space applications is concerned, the relatively smooth transients
should be controlled to continually provide maximum efficiency,
which leads to a reduction of weight and cost for the whole system in the end.
At present, the transient behavior and control systems, such as
Humid Air Cycle 共mHAT兲 关8兴 and hybrid systems based on Molten Carbonate or Solid Oxide Fuel Cells 共MCFC-SOFC兲, of other
advanced cycles are also under investigation at the TPG laboratories 关9兴.

2

mGT Transient Analysis: TRANSEO Code

The TRANSEO code, employed for the simulations presented
here, is under continuous development at the TPG laboratories. It
exploits the MATLAB© and Simulink visual environment for the
off-design, transient and dynamic analyses of advanced energy
systems based on microturbine technology.
Its modular structure allows any type of system to be built and
run: now the general structure of the code has been established,
and the on-going work is basically aiming at increasing, improving, and assessing the components of the standard library.
TRANSEO has already been used for the off-design calculations
in 关4兴.
From the point of view of the transient analysis, it is worthy
mentioning the technique used for the data transfer between two
adjoining components. TRANSEO applies the interconnecting
volume approach, where a volume is interposed between two consequent components. Each component is in charge of calculating
its own mass inflow or mass outflow, while each plenum has to
define the boundary conditions in terms of pressure and temperature. In the plenum, the total temperature is maintained while the
total pressure is assumed to be equal to the static pressure. This
means that a plenum carries out an adiabatic transformation where
the flow kinetic energy is dissipated: as a consequence, plenums
should be inserted where velocity is negligible, while the real
kinetic-pressure transfers should be managed within each component. In this way, the connecting standard exposed in 关10兴 can
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Abstract
This paper presents a new approach for the optimization of microturbine recuperators from the technical
and economic standpoints. The procedure proposed has been implemented in the software called CHEOPE
(compact heat exchanger optimization and performance evaluation), which considers two types of recuperator concept, which have proved to be the most promising for microturbine applications: the furnace-brazed
plate-ﬁn type and the welded primary surface type. The general design rules for performance evaluation of
gas–gas heat exchangers are summarized and speciﬁcally applied to these two types of recuperator. Moreover, the cost equation, employed to estimate the capital cost of these types of heat exchanger, is discussed.
With regard to the sizing procedure, a special optimization procedure of the recuperator matrix has been
developed, which takes into account several targets in a single multi-objective function: the compactness,
the pressure drops and the expected cost of the device.
The tests performed for the validation are presented, and three case studies are illustrated for three different microturbine sizes, for a 50 kW, 100 kW and 500 kW machine, respectively.
Ó 2005 Elsevier Ltd. All rights reserved.
Keywords: Compact heat exchanger; Microturbine; Recuperator; Cost equation
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prestazioni della secondo tipo di controllo sono anche
giustificate dall’incremento di efficienza di scambio del
recuperatore, che viceversa decresce nel primo caso.

• Introduzione

I

n questo articolo si presenta l’attività condotta in collaborazione fra la società Ansaldo Ricerche di Genova ed
il Thermochemical Power Group (TPG) del Dipartimento di Macchine Sistemi Energetici e Trasporti
(DiMSET) dell’Università di Genova per lo sviluppo di
tecnologie avanzate per la microgenerazione distribuita.
In particolare, il lavoro qui descritto riguarda l’analisi dettagliata degli scambiatori di calore adatti al recupero del
calore residuo nei gas in uscita dall’espansore e più in
generale degli scambiatori compatti che operano con aeriformi. Tali componenti, detti recuperatori, sono scambiatori gas-gas che operano ad elevate temperature e influenzano significativamente le prestazioni dei sistemi energetici basati sull’utilizzo di microturbine. L’attività svolta ha
portato allo sviluppo del codice CHEOPE (Compact
Heat Exchanger Optimization and Performance Evaluation) per il progetto ottimizzato (sizing problem) e l’analisi off-design (rating problem) degli scambiatori gas-gas
che utilizzano tecnologia “plate fin” e “primary surface”.
In questa seconda parte si presentano i risultati conseguiti mediante l’ausilio del codice CHEOPE e la sua validazione, effettuata mediante misure sperimentali e dati
riportati in letteratura. Il dimensionamento ottimizzato
di un recuperatore per una microturbina da 100kW elettrici viene analizzato in dettaglio, dimostrando le notevoli potenzialità degli scambiatori “primary surface” che riescono a coniugare elevate efficienze di scambio con bassi
costi capitali. Infine, viene presentata l’analisi in condizioni di off-design di detto scambiatore per due differenti strategie di controllo del ciclo recuperato a microturbina: con numero di giri costante e con temperatura di
ingresso turbina costante. Si dimostra come le migliori
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L’individuazione della migliore soluzione progettistica per
uno scambiatore gas-gas da impiegarsi un ciclo a microturbina rigenerata richiede una buona esperienza e una
conoscenza complessiva dell’impianto per cui si vuole
progettare lo scambiatore.
In tale contesto risulta di assoluta necessità lo sviluppo di
codici di calcolo che rendano più agevole il lavoro del
progettista, coadiuvandolo nell’ottimizzazione termodinamica ed economica del disegno finale. Nell’ambito
della collaborazione fra la società Ansaldo Ricerche di
Genova ed il Thermochemical Power Group (TPG) del
Dipartimento di Macchine Sistemi Energetici e Trasporti
(DiMSET) dell’Università di Genova, è stato messo a
punto presso il TPG il codice di calcolo CHEOPE
(Compact Heat Exchanger Optimization and
Performance Evaluation) per il progetto (sizing problem)
e l’analisi off-design (rating problem) dei recuperatori con
tecnologia “plate fin” e “primary surface”. Tale codice
implementa l’approccio teorico presentato nella prima
parte del presente lavoro.
Qualora ci si accinga al progetto di un recuperatore per
microturbina a gas, diviene strategica la scelta iniziale di
quale tipologia di scambiatore adottare. Per gli scambiatori di tipo primary surface il problema progettuale risiede principalmente nel tipo di matrice di scambio da
impiegare in quanto tale scelta condiziona direttamente le
superfici a disposizione dei due fluidi che risultano fissate: inoltre il numero di tali matrici effettivamente realizzabili è attualmente piuttosto ridotto. Più impegnativa
risulta essere l’ottimizzazione di scambiatori di tipo plate
fin. Innanzi tutto, si ricordi che la matrice di scambio è
costituita da superfici differenti sul lato caldo e su quello
freddo e pertanto le combinazioni possibili sono dawero
numerose. L’esistenza di una grande varietà di superfici,
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Cicli a microturbina
in combustione esterna
Studio teorico
e impianto pilota
(Parte 1)

IL PRESENTE LAVORO, SVOLTO PRESSO IL TPG (THERMOCHEMICAL POWER GROUP) DEL DIMSET (DIPARTIMENTO
DI MACCHINE, SISTEMI ENERGETICI E TRASPORTI), FACOLTÀ D’INGEGNERIA, UNIVERSITÀ DI GENOVA, IN COLLABORAZIONE CON ARI (ANSALDO RICERCHE), DESCRIVE LO STUDIO TEORICO E SPERIMENTALE EFFETTUATO

I

cicli a gas a combustione esterna sono stati pensati in passato,
essenzialmente, per applicazioni di medie-grandi dimensioni [19] e per l’impiego di combustibili solidi di difficile utilizzo nei sistemi basati sulla tecnologia delle turbine a gas, a meno di non ricorrere alla tecnica della gassificazione. Gli impianti di tipo EFGT sono infatti caratterizzati dal disaccoppiamento tra il ciclo dei gas di
combustione e quello del fluido evolvente nel turbogruppo (aria); tale prerogativa, che implica di per sé un analogo disaccoppiamento
dell’input termico alla turbina a gas rispetto a quello del ciclo di
bottoming, favorisce l’impiego di combustibili non pregiati, altrimenti inutilizzabili direttamente in impianti turbogas a causa delle
fortissime limitazioni imposte dalla turbina, in particolare per quanto riguarda i contenuti di ceneri, particolati, zolfo, vanadio, potassio, sodio, zinco e nickel.
L’impiego in cicli EFGT di combustibili che presentino quantità significative di una o più delle specie sopra elencate (carbone, olii
pesanti, biomasse) è ammissibile purché lo scambiatore di calore
sia in grado di sopportarne gli effetti. Eventuali future realizzazioni
sono direttamente legate all’evoluzione delle tecnologie ceramiche
per scambiatori pressurizzati ad elevate temperature, che costituiscono sicuramente il componente più critico di tali impianti: pertanto è presumibile una loro diffusione soltanto nel medio-lungo termine, specialmente per medie-piccole taglie ove gli impianti a carbone convenzionali mostrano basse efficienze di conversione. Studi
sull’EFCC (Externally Fired Combined Cycle) [4, 7] hanno messo in
evidenza la criticità dello scambiatore ceramico sia in termini di costo sia in termini di vita utile, essendo sottoposto ad elevati stress

Ing. Alberto Traverso, prof. Alessandro Bosio, TPG-DIMSET, Università di Genova; ing. Riccardo Scarpellini, Ansaldo Ricerche, Genova.

PER UN CICLO DOTATO DI MICROTURBINA A GAS OPERANTE IN COMBUSTIONE ESTERNA (DI SEGUITO DENOMINATO EFMGT, EXTERNALLY FIRED MICRO GAS TURBINE). IL PROGETTO DI RICERCA, INIZIATO NEL 2000 CON
LE PRIME VALUTAZIONI TEORICHE DELLE PRESTAZIONI ATTESE E DELLA STRATEGIA DI CONTROLLO ADOTTABILE, SI
È CONCLUSO CON SUCCESSO NEL 2004 CON LE RILEVAZIONI SPERIMENTALI OTTENUTE DALL’IMPIANTO INSTALLATO PRESSO I LABORATORI DI ANSALDO RICERCHE,
GENOVA. QUESTA PRIMA PARTE DEL LAVORO DESCRIVE
LO STUDIO TEORICO PROGETTUALE NECESSARIO PER LA
REALIZZAZIONE DELL’IMPIANTO PILOTA, MENTRE I RISULTATI SPERIMENTALI SARANNO DESCRITTI NELLA SECONDA PARTE DEL PRESENTE LAVORO.

termici ed all’inevitabile sporcamento (fouling) dal lato dei gas
esausti. La recente disponibilità sul mercato delle microturbine ha di
fatto suggerito l’utilizzo delle medesime per la generazione distribuita da fonti rinnovabili quali la biomassa: la tecnologia della
combustione esterna è una possibile soluzione impiantistica [10,
11, 12]. Le microturbine offrono nuove possibilità di realizzazione
di impianti sperimentali per l’operazione di configurazioni innovative basate sulla tecnologia delle turbine a gas con contenuti costi
d’investimento: ciò è stato realizzato nell’ambito della collaborazione tra l’Università di Genova ed Ansaldo Ricerche (ARI).

simbologia
cp = calore specifico a pressione costante [kJ/kgK]
cv = calore specifico a volume costante [kJ/kgK]
EFGT = Externally Fired Gas Turbine
EFmGT = Externally Fired micro Gas Turbine
k = cp/cv
Lspec = lavoro specifico [kJ/kgaria]
LHV = Low Heating Value [kJ/kg]
mb% = portata di bypass percentuale, rispetto l’ingresso compressore
n = velocità di rotazione [giri/min]
PID = Proporzionale Integrale Derivativo
Pot = Potenza [kW]
Q = Flusso termico [kW]
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T = temperatura [K]
TIT = Turbine Inlet Temperature
TOT = Turbine Outlet Temperature
Lettere
greche

β = rapporto manometrico di compressione
∆ = differenza
ε = efficienza dello scambiatore
η = rendimento di ciclo - rendimento adiabatico isoentropico
λ = (k-1)/k
τ = TIT/Tamb

Pedici

amb = ambiente
comb = combustore
nom = nominale

c = compressore
m = meccanico
t = turbina

min = minimo
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Abstract
This paper addresses the off-design and transient response of a high efficiency hybrid system based on the coupling of a recuperated
micro-gas turbine (mGT) with a tubular solid oxide fuel cell (SOFC) reactor.
The work focuses on the anodic side where an ejector exploits the pressure energy of the fuel to recirculate part of the exhaust gas, in
order to maintain a proper value for the steam-to-carbon ratio (STCR) and to support the reforming reactions. Two different stand-alone
time-dependent ejector models are presented and validated against experimental data. Then, the most suitable model for cycle simulations, in
term of calculation time, has been employed for the transient analysis of the entire hybrid system.
The SOFC hybrid system transient behaviour is presented and discussed at several operating conditions from an electrochemical, fluid
dynamic and thermal point of view.
© 2005 Elsevier B.V. All rights reserved.
Keywords: Ejector; Anodic recirculation; SOFC; Hybrid system

1. Introduction
Hybrid fuel cell systems are considered to be a good candidate for the future power generation because of their high efficiency and ultra-low emissions. Especially solid oxide fuel
cell (SOFC) hybrid systems, because of their very high efficiency due to a better use of the free Gibbs energy and
high operative temperatures, seem to be the right answer
to overcome the Carnot efficiency, that is the main limitation of traditional power plants. Moreover, the high temperature exhaust gas can be well exploited for distributed
cogeneration.
Even if the SOFC–HS steady-state analysis has already
been carried out in previous works [1,2], a transient investigation still remains necessary. In fact, while the SOFC hybrid
system study at on-design and off-design conditions is neces∗
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sary for assessing the cycle performance and understanding
the safe operative limits of plants, the transient analysis is
mandatory for implementing the control system and studying the critical aspects with time. In fact, it is extremely useful
for avoiding malfunctions or damage to the key-components
of the plant, especially during the start-up/shut-down or during rapid load variations. In a SOFC hybrid system the main
risk situations are, for instance, (I) an excessive temperature
in the fuel cell, (II) too high a pressure difference between the
cathodic and the anodic sides, (III) too low an STCR value in
the reformer, (IV) too high a microturbine rotational speed,
(V) an operating condition too close to the compressor surge
line (surge margin) or (VI) excessive thermal stress in the heat
exchanger and the cell. All these constraints need to be coped
with during both load regulation and start-up/shut-down procedures.
The results presented in this work refer to the classic
scheme of an SOFC–HS with a recuperated mGT [3], previously investigated at design and off-design conditions [1].
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Abstract
The catalytic membrane reactor and the inert packed bed membrane reactor were studied in the vapour phase selective oxidation of
toluene. Different feeding policies for the membrane were explored and their influence on the selectivity to the desired products
(benzaldehyde and benzoic acid) was investigated. The active phase was prepared by depositing vanadium on a Al2O3–TiO2 support
prepared through the sol–gel technique. Higher selectivity to benzaldehyde was obtained using the catalytic membrane reactor. Differences
were seen in the catalytic membrane reactor performance only when the active phase was heavily charged along the membrane cross-section.
# 2004 Elsevier B.V. All rights reserved.
Keywords: Toluene gas phase oxidation; Selective oxidation; Catalytic membrane reactor; Inert packed bed membrane reactor; Ceramic membrane

1. Introduction
While the gas phase partial oxidation of some
alkylaromatics has become an industrial reality (e.g. oxylene oxidised to maleic anhydride), the vapour phase
selective oxidation of toluene with high yields of valuable
intermediate products (e.g. benzaldehyde, benzoic acid,
etc.) is still a challenge [1], the liquid phase route being
industrially preferred [2,3]. For the catalysts studied until
now, the contribution of combustion reactions (which form
CO and CO2) is very high. Among the various catalyst
studied for the selective oxidation of toluene to useful
products, the vanadium-based catalysts gave the best
catalytic performance. Vanadium can be used as bulk V2O5
[4] or supported on a oxide like TiO2 [5,6] with an eventual
addition of other species (e.g. K or P) to enhance the
selectivity [7–12]. The type of support is a key factor in the
catalyst development for the selective oxidation of
alkylaromatics [13,14].
The use of reactors different from the conventional
packed bed reactor (PBR) to enhance the selectivity to
* Corresponding author. Tel.: +39 010 3536197; fax: +39 010 3536199.
E-mail address: capannel@unige.it (G. Capannelli).
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useful products in the partial oxidation of toluene is still
poorly investigated. Inorganic membrane reactors have
been studied in several partial oxidation reactions in order
to improve the selectivity to intermediate products [15–28]
or to enhance the safety of the process by separating the
stream of the oxidiser from that of the hydrocarbon
[16,18,19,29].
The membrane itself can be catalytic (catalytic membrane reactor) or support a catalytic bed (inert membrane
packed bed reactor). In the catalytic membrane reactor
(CMR), the catalytic phase can be arranged as a thin layer or
impregnated in the tube porous structure.
In this work, the catalytic performance of the V/Al2O3–
TiO2 implemented as inorganic membrane reactors was
investigated for the vapour phase selective oxidation of
toluene. In a previous paper [30] the kinetic parameters for
the oxidation of toluene over a V/Al2O3–TiO2 catalyst were
estimated and on the basis of the calculated selectivityconversion trends a comparison between the PBR and the
CMR was made. It was shown that efficiency factor of the
CMR depends on the vanadium content and distribution
along the membrane cross-section. This paper gives further
data on the characterisation and use of ceramic membranes
as CMR and IMPBR, moreover the influence of the feeding
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Abstract
The dependency of the main parameters of an airlift reactor on the only externally adjustable factor, the gas flow rate, has been investigated
both experimentally and theoretically for two-phase (gas–liquid) and three-phase (gas–liquid–solid) systems. Experiments were performed on
external airlift arrangements employing ambient air, tap water and, for the three-phase case, glass spheres. The pressure drop balance has been
the basis for the theoretical predictions. The simple rig and the low gas hold-ups utilised in this work have permitted an accurate prediction
of friction losses (both concentrated and distributed) based exclusively on well established relationships published in the literature, without
resort to any fitting parameters; this has resulted in estimates in very good agreement with measured values.
© 2005 Elsevier B.V. All rights reserved.
Keywords: Airlift systems; Liquid circulation rate; Fluid dynamics; Pressure drop

1. Introduction
Airlift systems represent a very convenient technical solution for cases where liquid circulation needs to be achieved,
like in biotechnological applications, with a limited or no use
at all of any mechanical device. The system is made up of two
separate sections, a riser and a downcomer. In the riser, gas
is blown in at the bottom, resulting in a difference in static
pressure in the two sections brought about by the different
concentrations of the gas phase; this results in an overall circulation of the liquid and, depending on the operating parameters, also of part of the gas. Specific applications may
require the presence of a solid phase also, which is charged
in the riser column and again, depending on the operating parameters, could form a packed bed at the base of the column,
be fluidised in the riser or, for the extreme case, circulate in
the system. These various modes of operation have already
been classified [1] for a draft tube system but that classification can be equally applied to external airlift reactors and
will not be repeated here.
The fluid dynamic comportment of these systems has been
studied for many years now, starting with the work of Hsu
∗
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and Dudukovic [2], Bello et al. [3] and Chisti et al. [4]
for the two-phase gas–liquid systems, and with the work of
Livingston and Zhang [5] and Freitas et al. [6] for the threephase, gas–liquid–solid systems, all based on overall momentum balance. On the other hand the approaches suggested
by Garcia Calvo [7] for the two-phase and Garcia Calvo
et al. [8] for the three-phase are based on an energy balance of the airlift system, although its final results are not
very dissimilar from other studies. In recent years computational fluid dynamic (CFD) codes have also come to be
increasingly applied to the detailed description of the airlift
system behaviour [9]. In spite of the clear qualitative correspondence of these simulations with observed behaviour,
confidence in their quantitative predictions is somewhat limited by the absence of a complete description of the basic
fluid dynamic phenomena governing the whole system. A
full numerical simulation becomes a necessity for an insight of the local behaviour of a multiphase system, but
when we are interested primarily in some overall characteristics then perhaps a more basic approach is to be preferred. In this work a basic study has been carried out with
a simple objective in mind: to characterise the overall behaviour of an airlift reactor system, with particular reference to the liquid circulation rate, operating with or without
the presence of a solid phase, on the basis of well estab-
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The oxygen supply to cell cultures of Saccharomices cerevisiae by porous membranes has been investigated. Two diffusers with different surface areas were prepared
by end sealed capillary polypropylene membranes with a nominal pore diameter of 0.2
mm. The diffusers were immersed in the cell culture kept under constant agitation. Air
was fed in the membrane lumen and diffused into the cell culture without any visible
large bubble formation. Bath and fed-batch cultivations were performed and the variation of cell, glucose and oxygen concentration, during the cultivation, was investigated.
The results obtained by membrane diffuser were compared with those of a traditional gas
sparger. The advantages of membrane diffuser over the sparger are discussed.
Key words:
Membrane diffuser, capillary membrane, oxygen transfer, saccharomyces cerevisiae, cell
culture

Introduction
The growth rate of aerobic microorganism depends on the amount of oxygen dissolved in the
culture media. Due to the low oxygen solubility in
water, oxygen supply to the growing cells represents the limiting step of many fermentation processes. Gas spargers are nowadays the most common means of oxygen supply to the cultural broth,
especially in the large scale production plants. Besides the obvious limitations related to the transfer
rate of gas mass to the culture, the presence of air
bubbles in this system can be dangerous with regards to cells that are very sensitive to shear stress.
For mammal or plant cells even the simple bubble
burst at the top surface of the culture is sufficient to
generate stresses capable of affecting the culture itself.1,2 Moreover, in high-density cultures, uniform
mixing can become very difficult, thereby resulting
in poor distribution of nutrients and oxygen, and
creating anaerobic regions. In order to increase the
oxygen transfer rate to the solution, it is possible to
operate through the agitation velocity with the aim
of reducing air bubbles size, consequently increasing gas-liquid contact area and bubble residence
time in the reactor. In this way however, froth formation and cell flotation also increase considerably.
To summarize, uniform mixing, oxygen transfer,
and shear stress remain the most challenging areas
+ Corresponding
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in the correct design of industrial bioreactors. These
parameters are generally correlated and a compromise, for example between oxygen transfer rate and
shear stress, is necessary.
In this paper, we present the results of a preliminary study on a new bioreactor, which uses porous
membranes to supply oxygen with the aim of improving, both, mixing and oxygen transfer rate, and
producing at the same time less shear force, with a
consequent potential benefit on the productivity of
the system. Although the results obtained in this
study are applicable in principle to all fermentation
processes carried out by aerobic micro organisms,
here we have focused on Saccharomyces cerevisiae,
a well known yeast generally used for bread making. Yeast production for bread manufacture is carried out under limited conditions of aerobic glucose, since in Saccharomices cerevisiae a mixed
metabolism (Crabtree effect), leading to ethanol
production which lowers the biomass yield, takes
place3 when sugar mass concentration is greater
than a threshold value, typically 50 – 100 mg L –1.4,5
The main idea at the base of this work is the
use of microporous membranes placed in the cell
culture in order to efficiently supply oxygen even at
high cell density, thus avoiding the formation of
large gas bubbles and the aforementioned problems.
In fact, during cultivation, oxygen in the liquid
phase is continuously metabolised by the growing
cells, and its concentration tends to decrease with
time. Since microporous membranes possess high
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A New Method to Calculate the
Coolant Requirements of a
High-Temperature Gas Turbine
Blade
Earlier papers by the first author have described a computational method of estimating
the cooling flow requirements of blade rows in a high-temperature gas turbine, for convective cooling alone and for convective plus film cooling. This method of analysis and
computation, when applied to the whole blade chord was compared to a well-known
semi-empirical method. In the current paper, a more sophisticated method is developed
from the earlier work and is used to calculate the cooling flow required for a nozzle guide
vane (the first blade row) of a high-temperature gas turbine, with given inlet gas temperature and coolant inlet temperature. Now the heat flux through an elementary crosssectional area of the blade, at given spanwise (y) and chordwise (s) locations, is considered, with a guessed value of the elementary coolant flow [as a fraction d⌿ 共 s 兲 of the
external gas flow]. At the given s, integration along the blade length gives the blade metal
temperatures at the outer and inner walls, T bg 共 y 兲 and T bcl 共 y 兲 . If the value of T bg at the
blade tip 共 y ⫽ H 兲 is assumed to be limited by material considerations to T bg,max then the
elementary coolant flow rate may be obtained by iteration. Summation along the chord
then gives the total coolant flow, for the whole blade. Results using the method are then
compared to a simpler calculation applied to the whole blade, which assumes chordwise
constant temperatures and constant selected values of cooling efficiency and film-cooling
effectiveness. 关DOI: 10.1115/1.1811100兴

Introduction
The cooling of high-temperature gas turbines has been the subject of intensive work over the past 40–50 years, and there is
substantial literature on the subject. Useful summaries are given in
a major chapter of Lakshinarayana’s book 关1兴 and by Consonni
关2兴.

1

Semi-Empirical Approaches

(2)

The nondimensional coolant mass flow w was then defined as

i. the inlet gas temperature T g , generally assumed constant
along both the span and the chord1
ii. a blade metal temperature T b , also assumed to be constant
along both the span and the chord, and, with thin metal
walls, constant through those walls, so that T b ⫽T bg ⫽T bcl
iii. a coolant inlet temperature T cl,in
Then,
(1)

Contributed by the International Gas Turbine Institute 共IGTI兲 of THE AMERICAN
SOCIETY OF MECHANICAL ENGINEERS for publication in the ASME JOURNAL OF
TURBOMACHINERY. Paper presented at the International Gas Turbine and
Aeroengine Congress and Exhibition, Vienna, Austria, June 13–17, 2004, Paper No.
2004-GT-53729. Manuscript received by IGTI, October 1, 2003; final revision,
March 1, 2004. IGTI Review Chair: A. J. Strazisar.
1
The inlet gas temperature T g may be replaced by a gas recovery temperature or
even a peak temperature in a nonuniform entry temperature distribution. But for
simplicity we do not go to that degree of sophistication in the text presented here
although both corrections were included in the final code.
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 c⫽ 共 T cl,out⫺T cl,in 兲 / 共 T b ⫺T cl,in 兲
⫹

In the early years of turbine cooling, engine companies relied
on practical methods for determining the amount of cooling flow
required to maintain blade temperatures within prescribed metallurgical limits.
One method widely used for convectively cooled blading was
that devised by Halls 关3兴 and Holland and Thake 关4兴. The cooling
effectiveness  0 was defined in terms of

 0 ⫽ 共 T g ⫺T b 兲 / 共 T g ⫺T cl,in 兲

With the three temperatures T g , T b , and T cl,in known or specified, the cooling effectiveness  0 could be determined. Further, a
cooling efficiency  c was defined, as the ratio of the actual temperature rise 共from T cl,in to an outlet temperature T cl,out) to the
maximum possible 共from T cl,in to the blade temperature T b ).
Thus,

w ⫹ ⫽m cl c p,cl /h g A g,s ⫽ 共 T g ⫺T b 兲 / 共 T cl,out⫺T cl,in 兲

(3a)

where m cl is the actual coolant flow in a single blade with specific
heat c p,cl and h g is the mean external heat transfer coefficient over
the external blade surface of area A g,s .
Equations 共1兲, 共2兲, and 共3a兲 may then be combined to give
w ⫹ ⫽ 0 / 关  c 共 1⫺ 0 兲兴 .

(3b)

For various values of cooling efficiency a chart such as Fig. 1
then gives w ⫹ as a function of the prescribed effectiveness  0 .
Experimental data from convectively cooled turbine blading may
be added to such charts 共see, for example, 关4兴兲, implying empirical
values of cooling efficiency  c . Equation 共3a兲 for w ⫹ may be
rewritten in terms of the mean external Stanton number Stg and
the mainstream gas flow m g , of specific heat c pg , through a
single-blade channel of cross-sectional area A g
w ⫹ ⫽ 共 m cl /m g 兲共 c p,cl /c p,g 兲共 A g /A g,s 兲 /S tg

(3c)

⌿⫽m cl /m g ⫽K coolw ⫹

(4)

so that,

where
K cool⫽Stg 共 c p,g /c p,cl 兲共 A g,s /A g 兲
For given area ratio (A g,s /A g ) and specific heat ratio
(c p,g /c p,cl ), and with the Stanton number obtained from a con-
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The fuel cell system and fuel cell gas turbine hybrid system represent an emerging
technology for power generation because of its higher energy conversion efficiency, extremely low environmental pollution, and potential use of some renewable energy sources
as fuels. Depending upon the type and size of applications, from domestic heating to
industrial cogeneration, there are different types of fuel cell technologies to be employed.
The fuel cells considered in this paper are mainly the molten carbonate (MCFC) and the
solid oxide (SOFC) fuel cells, while a brief overview is provided about the proton exchange membrane (PEMFC). In all these systems, heat exchangers play an important
and critical role in the thermal management of the fuel cell itself and the boundary
components, such as the fuel reformer (when methane or natural gas is used), the air
preheating, and the fuel cell cooling. In this paper, the impact of heat exchangers on the
performance of SOFC, MCFC gas turbine hybrid systems and PEMFC systems is investigated. Several options in terms of cycle layout and heat exchanger technology are
discussed from the on-design, off-design and control perspectives. A general overview of
the main issues related to heat exchangers performance, cost and durability is presented
and the most promising configurations identified. 关DOI: 10.1115/1.2173665兴
Keywords: heat exchangers, hybrid systems, proton exchange membrane fuel cells, molten carbonate fuel cells, solid oxide fuel cells

Introduction
Fuel cell technology is a relatively new technology for electric
power generation. Major applications of fuel cells encompass stationary, transportation and portable power applications. The power
generation can vary from about 1 W to many MW. In addition to
fuel cell stack, the power plant would require fuel reforming 共if
hydrogen is not supplied兲, air management, and power conditioning of the unregulated dc power generated in a fuel cell.
Heat exchangers play a critical role in many fuel cell systems.
In fact, fuel cells thermal management is particularly critical for
ensuring both the proper feeding conditions for air/oxygen and
fuel, and for keeping the operating temperature under control. In
this paper, we discuss the types of the heat exchangers used in fuel
cell systems, the related design issues and performance requirements.

Heat Exchangers for Fuel Cells
While the heat exchanger technology is mature, the newer applications have some unique requirements that push the current
technology. For fuel cell systems, there are unique requirements
共common to most current fuel cells兲 beyond just the cost reduction
which is an ongoing process. These are related to fuel reforming,
bringing temperatures of the fuel and air to the fuel cell temperatures, and waste heat recovery from the exhaust gases.
Fuel reforming of natural gas, gasoline, diesel, oil and other
fuels is required to make the reformed fuel rich in hydrogen with
or without carbon monoxide depending upon the fuel cell type.
Thus the use of reactors and heat exchangers used for fuel reforming adds cost, complexity and space requirement. The fuel reforming onboard, internal or external poses some challenges having a
fewer number of heat exchangers, compact and cost effective, and
some of them operating at high temperatures. Onboard fuel reforming for an automotive application demands the design of the
Manuscript received May 29, 2005; final manuscript received October 7, 2005.
Review conducted by Nigel M. Sammes. Paper presented at the 3rd International
Fuel Cell Science Engineering and Technology Conference 共FUELCELL2005兲, May
23, 2005–May 25, 2005, Ypsilanti, MI, USA.

reactors and heat exchangers integrated ingeniously so that it reforms gasoline with a small packaging volume 共due to space constraints兲, low total weight 共for fuel economy兲 and low cost. Onboard reforming of gasoline is achieved by catalytic partial
oxidation. Internal reforming of natural gas is performed using
steam 共water mixed with the natural gas兲 in the high temperature
fuel cells 共MCFC and SOFC兲. External reforming of natural gas
and gasoline for PEMFC requires a number of reformers and heat
exchangers, individual or combined, to reform the fuel into hydrogen and reduce the carbon monoxide content to less than
10 ppm. External reforming requires many heat exchangers and
the challenge is to reduce the total number of heat exchangers and
reactors to be cost effective to compete with the thermal power
plants.
For low temperature fuel cell systems, such as PEMFC, the fuel
after the fuel reforming requires it to be at low operating temperature 共e.g., 80° C兲 inlet to the fuel cell. This will require a heat
exchanger. For high temperature fuel cells, again one or more heat
exchangers will be needed to bring the fuel temperature to approximately the operating fuel cell temperature.
Waste heat recovery from the exhaust gases of high temperature
fuel cells or from the reformed fuel in a low temperature fuel cell
is essential to increase the overall system efficiency. This will
require high temperature heat exchangers. The design requirement
may dictate taking care of considerable thermal stresses during the
startup, shutdown, and load fluctuations. The cost of high temperature materials could be prohibitive when the balance of power
plant in a fuel cell system dictates the major cost.

Heat Exchangers for PEMFC
Depending on the type of fuel supplied to the PEMFC system
and the amount of power generated within the stack, the PEMFC
system may require one or more heat exchangers. They are briefly
mentioned below. Refer to Shah 关1兴 for further details.
PEMFC Stack Cooling: Heat exchangers are required for the
last three items below:
• For power Pe below 200 W, the cathode air can cool the cell
convectively.
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Abstract
This work presents the steady-state and transient performance obtained by an Externally Fired micro-Gas Turbine (EFmGT) demonstration plant.
The plant was designed by Ansaldo Ricerche (ARI) s.r.l. and the Thermochemical Power Group (TPG) of the Università di Genova,
using the in-house TPG codes TEMP (Thermoeconomic Modular Program) and TRANSEO. The plant was based on a recuperated
80 kW micro-gas turbine (Elliott TA-80R), which was integrated with the externally ﬁred cycle at the ARI laboratory. The ﬁrst goal
of the plant construction was the demonstration of the EFmGT control system. The performance obtained in the ﬁeld can be improved
in the near future using high-temperature heat exchangers and apt external combustors, which should allow the system to operate at the
actual micro-gas turbine inlet temperature (900–950 C).
This paper presents the plant layout and the control system employed for regulating the microturbine power and rotational speed. The
experimental results obtained by the pilot plant in early 2004 are shown: the feasibility of such a plant conﬁguration has been demonstrated, and the control system has successfully regulated the shaft speed in all the tests performed.
Finally, the plant model in TRANSEO, which was formerly used to design the control system, is shown to accurately simulate the
plant behaviour both at steady-state and transient conditions.
 2006 Elsevier Ltd. All rights reserved.
Keywords: Externally ﬁred cycle; Microturbine; Transient modelling; Control system

1. Introduction
Externally ﬁred cycles have been studied in the past
because they represent a valid option for the exploitation
of ‘‘dirty’’ fuels, such as coal and biomass, without the
complexity of a gasiﬁcation section for fuel treatment [1–
15]. The main drawback to such a conﬁguration basically
lies in the high temperature heat exchanger, which
undoubtedly constitutes the most critical component of
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the whole plant, both for operation at high temperatures
and the fouling problem on the exhausts side [10].
Previous studies have mainly focused on medium- and
large-size plants for power generation: the present stress
is on the development of economically feasible and technically reliable high-temperature heat exchangers to ﬁt an
externally ﬁred gas turbine. Despite reports of high-temperature heat exchangers working with exhausts from coal
combustion at high temperatures, the state-of-the-art of
ceramics for heat exchanger applications should still be
considered at the research and development stage. The bayonet tube arrangement seems to be the most promising
technique at the moment, even if hot gas leakages and heat
dispersion from radiation are still inherent problems in the
design of this component [10].
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Abstract
A novel reformer design has been demonstrated that converts the methane required for a multi kilowatt SOFC stack. Results show the influence
of temperature and the benefits of operating at elevated pressure on the reforming-catalyst fundamental reaction kinetics. Due to the high heat
demand of the steam reforming reaction, efficient heat transfer between the SOFC stack and the reforming catalyst is essential. Parameters such
as the volume/surface area ratio, choice of catalyst, and catalyst metal loading are key to the design, and these have been determined through
a combination of computer modelling and experimental measurements. The thermal properties of the unit have been evaluated over a range of
temperatures and fuel compositions that simulate system operating-conditions in the final product.
© 2006 Elsevier B.V. All rights reserved.
Keywords: Internal-reforming; Kinetics; Heat-transfer; Catalyst

1. Introduction
Of the various fuel cell technologies available, the solid oxide
fuel cell (SOFC) is the preferred option for large-scale stationary
power production [1]. There are a number of issues that make
hydrogen uneconomic as a choice of primary fuel for stationary
power applications, not least, the high cost of fuel transportation,
difficulty in fuel storage and large and complex fuel processing
plants [2]. Low temperature technologies require a very pure
source of hydrogen, so in that particular case, fuel processing
becomes a significant issue. Contrary to this the SOFC operates
at high temperature and in principle can operate on a variety of
fuels, provided they can undergo oxidation at the anode [3–6].
As the operating temperature of SOFCs is high enough to facilitate fuel processing, the direct use of fuels such as natural gas in
such systems becomes a possibility. Its high operating temperature also makes the SOFC more tolerant to impurities, which
also reduces the cost and complicity of fuel processing. The
ability to process hydrocarbon fuels therefore makes the SOFC
a much more attractive option than other technologies for stationary power systems, as the direct use of hydrocarbon fuels
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removes the problematic issues of hydrogen transportation and
storage [7].
The development of the SOFC for stationary power generation has been underway at Rolls-Royce for a number of years
[8]. Rolls-Royce fuel cell systems (RRFCS) is currently developing 1 MWe pressurised hybrid systems for stationary power
applications. The systems are designed to run on natural gas,
and one of the key processes within the system is conversion of
methane to synthesis gas. Using natural gas as a primary fuel
source makes economic sense as one can tap into a vast global
reserve that is fairly evenly distributed. Current global reserves
are estimated to be approximately 180,000 km3 , equivalent to
1.75 × 1015 kWht . The bulk of these reserves lie in Russia, with
sizable quantities in the Middle East, Pacific Asia, Europe and
North America [9].
Although the SOFC can be run directly on hydrocarbons, in
practice this results in carbon deposition on the fuel cell anodes,
which significantly compromises stack life [10,11]. Thus, in a
commercial SOFC system, very little fuel slippage through the
reformer can be tolerated. Fuel processing is therefore a fundamental step in any fuel cell system operating on hydrocarbons.
Where natural gas is the primary fuel, the key processes upstream
of the main stack block are desulphurisation, pre-reforming of
higher hydrocarbons and internal reforming of methane to synthesis gas. Any commercial internal reformer design has to be
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Design and Testing of Ejectors
for High Temperature Fuel Cell
Hybrid Systems
Our goal in this work is the improvement of the ejector performance inside hybrid
systems supporting the theoretical activity with experimental tests. In fact, after a preliminary ejector design, an experimental rig has been developed to test single stage
ejectors for hybrid systems at different operative conditions of mass flow rates, pressures,
and temperatures. At first, an open circuit has been built to perform tests at atmospheric
conditions in the secondary duct. Then, to emulate a SOFC anodic recirculation device,
the circuit has been closed, introducing a fuel cell volume in a reduced scale. This
configuration is important to test ejectors at pressurized conditions, both in primary and
secondary ducts. Finally, the volume has been equipped with an electrical heater and the
rig has been thermally insulated to test ejectors with secondary flows at high temperature, necessary to obtain values in similitude conditions with the real ones. This test rig
has been used to validate simplified and CFD models necessary to design the ejectors
and investigate the internal fluid dynamic phenomena. In fact, the application of CFD
validated models has allowed us to improve the performance of ejectors for hybrid
systems optimizing the geometry in terms of primary and secondary ducts, mixing chamber length, and diffuser. However, the simplified approach is essential to start the analysis
with an effective preliminary geometry. 关DOI: 10.1115/1.2211631兴

Introduction
Ejector technology has been investigated for many years, especially for applications in alimentary industry, chemical industry,
oil plants, and aircraft jet propulsion 关1–4兴. Even if, in power
systems ejectors are currently used in steam plants condensers 关5兴,
the recent developments of high temperature hybrid systems have
shown an interesting innovative application. In fact, because of
ejectors do not have moving parts, they can perform flow recirculations in hybrid systems joining low costs with high reliability.
So, they are extremely useful in Solid Oxide Fuel Cell plants
where the high temperatures make it difficult and expensive to
utilize blowers 关6兴, reducing the reliability too.
Ejector technology is applied in the recirculations of the 1 MW
fuel cell hybrid system 共Fig. 1兲, currently under development at
Rolls-Royce Fuel Cell Systems 共RRFCS兲 关7兴. On the anodic side,
the ejector recirculates part of the exhausted gases to ensure the
right amount of steam and heat necessary to the reforming reactions. So, this technology allows to avoid the more complex and
expensive anodic systems previously presented in 关6兴 for the
steam generation and the reformer heat recovering. On the cathodic side, the introduction of a recirculation has already been
considered in previous works 关8,9兴 to recover part of the exhausted cathodic gases without a high temperature recuperator.
Nevertheless, the solution presented in 关8,9兴 is affected by technological problems because the cathodic recirculation is carried
out by a very high temperature blower 共⬃1000° C兲. Also in this
case, the ejector technology has been chosen to perform a low cost
cathodic recirculation. In fact, even if the solution presented in
Fig. 1 affects the system efficiency, because part of the compressor outlet pressure is used in the ejector to obtain the required
recirculation ratio, the improvements in costs and mainly in reliability justify the ejector application.
Such innovative applications in fuel cell systems require an
Manuscript received November 29, 2005; final manuscript received February 10,
2006. Review conducted by Roberto Bove. Paper presented at the 1st European Fuel
Cell Technology and Applications Conference 共EFC2005兲, December 14–16, 2005,
Rome, Italy.
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extensive development work to understand and optimize ejector
performance. In fact, there are many differences between the applications in SOFC closed circuits and the traditional ones, specifically due to the chemical composition, temperature of the
gases, flow rates, and the constraints to be considered 关10兴. For
instance, an anodic ejector has to ensure very high values of recirculation ratio 共F兲 to avoid, also at off-design and transient conditions 关11兴, carbon deposition in the anodic circuit, and a cathodic ejector has to perform the required recirculation without an
excessive pressure difference between the compressor outlet and
the turbine inlet. Since the traditional “know how” is not enough
to design ejectors for fuel cell applications, in this work a new
design procedure is adopted to reach the high performance requested. In fact, starting from an anodic ejector prototype developed using a preliminary simplified model 关10兴, an experimental
activity has been carried out to better investigate the fluid dynamic
phenomena and validate the theoretical models. Then, the application of CFD validated models 关12兴 has allowed the ejector geometry to be optimized.

Preliminary Design
In this paper, the attention is mainly focused on the anodic
ejector because it is the most critical from the recirculation performance point of view 关10兴. At the anodic side, the primary duct
共Fig. 2兲 is connected with the high pressure line of the fuel 共methane兲 and the secondary duct with the anodic outlet of the stack.
The recirculated flow, coming from the cell, mixes with the driving fluid 共the fuel兲 in the mixing chamber, where uniformity is
reached from the point of view of velocity, temperature, and
chemical composition profiles. At this point the high velocity flow
enters the diffuser to convert kinetic energy into pressure to overcome the viscous pressure losses inside the stack.
To determine the ejector geometry, the design point operative
conditions of the fuel cell must be known 共cell operative pressure,
pressure losses, exhaust chemical composition, and temperature兲.
In the preliminary design step, the typical values reported in previous works 关10,13兴 for a SOFC hybrid system have been considered. It is important to underline that in this preliminary calcula-
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GTPOM: Thermo-Economic
Optimization of Whole Gas
Turbine Plant
Trends towards distributed power generation and the deregulation of energy markets are
increasing the requirement for software tools that optimize power generation plant design
and operation. In this context, this paper describes the GTPOM (thermo-economic optimization of whole gas turbine plant) European project, funded in part through the European Commission’s 5th Framework Programme, focusing on the development and demonstration of an original software tool for the thermo-economic analysis and optimization
of conventional and advanced energy systems based on gas turbine plant. PSEconomy, the
software tool developed during the GTPOM project, provides a thermo-economic optimization capability for advanced and more-conventional energy systems, enabling the complex trade-offs between system performance and installed costs to be determined for
different operational duties and market scenarios. Furthermore, the code is capable of
determining the potential benefits of innovative cycles or layout modifications to existing
plants compared with current plant configurations. The economic assessment is performed
through a complete through-life cycle cost analysis, which includes the total capital cost
of the plant, the cost of fuel, O&M costs and the expected revenues from the sale of power
and heat. The optimization process, carried out with a GA-based algorithm, is able to
pursue different objective functions as specified by the User. These include system efficiency, through-life cost of electricity and through-life internal rate of return. Three case
studies demonstrating the capabilities of the new tool are presented in this paper, covering
a conventional combined cycle system, a biomass plant and a CO 2 sequestration gas
turbine cycle. The software code is now commercially available and is expected to provide
significant advantages in the near and long-term development of energy cycles.
关DOI: 10.1115/1.1850511兴
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Introduction and Objectives
In the current energy market environment of increasing liberalization there is a growing need for analysis tools that combine
elements of power generation plant thermodynamic performance
and through-life economic performance. In addition, the ability to
enable detailed trade-off analysis to be performed between performance and cost to maximize through-life economics of power
Contributed by the International Gas Turbine Institute 共IGTI兲 of ASME for publication in the JOURNAL OF ENGINEERING FOR GAS TURBINES AND POWER. Paper
presented at the International Gas Turbine and Aeroengine Congress and Exhibition,
Vienna, Austria, June 13–17, 2004, Paper No. 2004-GT-54200. Manuscript received
October 1, 2003; final manuscript received March 1, 2004. IGTI Review Chair: A. J.
Strazisar.

generation plant is becoming critical for station owners and developers. A need was therefore identified for an integrated software
design tool that provides:
1. Full thermodynamic performance evaluation capability;
2. Detailed through-life economic performance evaluation capability based on User-selected economic, operational and
market scenarios;
3. Complex through-life economic and performance optimization capability.
The objective of the GTPOM project reported in this paper was
therefore to specify, design and implement a software tool delivering this functionality.
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Abstract
Computational Fluid Dynamics (CFD) modelling has been used to simulate a liquid fluidized bed of lead shot in slugging mode. Simulations
have been performed using a commercial code, CFX4.4. The kinetic model for granular flow, which is already available in CFX, has been used
during this study. 2D time-dependent simulations have been carried out at different water velocities. Simulated aspects of fluidization such as
voidage profiles, slug formation, pressure drop and pressure fluctuations have been analysed. The fluid-bed pressure drop was found to be greater
than the theoretical one at all velocities, in agreement with experimental observations reported for fully slugging fluidized beds. Power spectral
density analysis of the pressure signal was used to investigate the development of the flow pattern and the structure of the fluid-bed with
increasing fluidizing velocity. A comparison between experimental and simulated results is also reported.
© 2006 Elsevier B.V. All rights reserved.
Keywords: Liquid-fluidized beds; Slugging mode; Pressure drop; CFD; Granular kinetic model

1. Introduction
Particles and processes involving particles are of enormous
importance in the chemical and allied industries. Fluidized beds
are widely employed in industrial operations, ranging from the
pharmaceutical and food industry, to processes such as catalytic
cracking of petroleum, combustion and biomass gasification.
Fluidization is the operation by which particles are transformed
into a fluid-like state through suspension in a gas or liquid.
Many of the characteristic features of gas-fluidized beds, like
the excellent solid mixing, heat and mass transfer properties,
can be related to the presence of bubbles and are dominated by
their behaviour. It is well known that the gas–solid contacting
efficiency is highly dependent on the fluid-bed hydrodynamics
and bubble properties. The formation and development of
bubbles in the fluid-bed has been studied over a considerable
span of time, particularly with the aid of visualization
techniques, see Rowe et al. [1].
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The recent development of mathematical modelling of
particulate solids behaviour together with the increased
computing power is now enabling us to simulate the behaviour
of fluidized powders and to link fundamental particle properties
directly to powder behaviour and predict the interaction between
particles and gaseous or liquid fluids. In this regard, Computational Fluid Dynamics (CFD) modelling provides a new tool to
support engineering design and research in multiphase systems
such as fluidized beds.
Most of the fluidization modelling using CFD is applied to gas–
solid systems and can be divided into two groups, the Lagrangian–
Eulerian models and the Eulerian–Eulerian models, see Crowe et
al. [2]. The Lagrangian approach describes the solids phase at a
particle level and the gas phase as a continuum. The Eulerian–
Eulerian approach, on the other hand, is based on the two-fluid
model (TFM) and treats the phases as interpenetrating continua.
Using the TFM, numerical simulations of gas–solid fluidbeds have been performed by various research groups: Kuipers
et al. [3,4] developed a two-dimensional hydrodynamic model
to study the bubble formation process at a single orifice, which
was subsequently developed for three-dimensional fluidized
bed simulations [5]. Simulations of freely bubbling gas
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1. Introduction
Several processes have been developed in the
recent past for CO2 capture from flue gases. Chemical absorption with amines in packed columns,
however, can be considered as the most suitable
option for retrofit in large scale power plants.
Research in this field is mainly addressed to
technological solutions which can reduce operational and plant costs, such as new solvent formulation and substitution of packed columns with
membrane contactors. Specifically membrane
contactors, if compared to packed columns, can
provide higher interfacial area per unit volume,
leading ultimately to higher process efficiencies
and lower specific volumes.
In this paper the results of laboratory tests
aimed to assess the performance of hollow fiber
membrane contactors for CO2 scrubbing from
flue gas mixtures are presented.
2. Experimental

circulation loop with flow meter, and a gas chromatograph for analysis.
A gas mixture of CO2 15%–N2 85% which
simulates flue gas from a coal combustion plant
was selected.
Tests have been carried out in two steps:
• Screening tests for selection of membrane
material and configuration. Both polypropylene (PP) and polyethylene (PE) capillary
membranes, with different module dimensions and configuration (linear and loop),
were tested at room temperature in a 0.1 N
NaOH solution.
• Tests with the selected membrane module for
the evaluation of process efficiency in different operating conditions. Both NaOH and
monoethanolamine (MEA) were used as
absorbents. Evaluated parameters include:
membrane area (50 to 500 cm2), MEA and
NaOH concentration (0.1–3 M), absorbent
and gas flow rate (liquid–gas ratio ranging
from 1 to 20), temperature (20–60° C).

Tests have been performed in a pilot loop
consisting of a gas flow section, an adsorbent

3. Results and discussion
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Results of the screening tests evidenced the
higher efficiency of PP membranes with linear
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Abstract
Methane steam reforming is the most important industrial route to produce H2. The process is governed by equilibrium reactions, the overall
process is endothermic and high temperatures are required to reach satisfactory methane conversions. The possibility of using a membrane reactor,
which separates H2 from the reaction zone with a subsequent improvement of the conversions, is a challenge of many academic and industrial
researchers. A great effort of membrane reactor analysis applied to steam reforming is necessary in the light of the novel and potential process
applications (fuel cells, CO2 capture).
This paper presents the model of a non-adiabatic methane steam reformer membrane reactor (MSRMR) working in equilibrium conditions. The
model was used to investigate the effects of some variables (e.g. temperature profile, separation efficiency, plant size) on the membrane area and the
energy required by the process, which in turn affect fixed and operating costs.
The simulations showed that the membrane area required sharp increases in the reactor size and that for large plants the development of thin and
permeable membranes is a key issue.
# 2006 Elsevier B.V. All rights reserved.
Keywords: Methane steam reforming; Pd membrane; Membrane reactors

1. Introduction
Methane steam reforming (MSR) is a widely studied process
because of its importance for hydrogen production. In the past,
the majority of the studies were devoted to the application and
the optimisation of this process for the production of synthesis
gas to be used in the chemical industry (e.g. ammonia
production).
Methane steam reforming is an endothermic process limited
by equilibrium. A great effort is currently being carried out to
study MSR using membrane reactors (MRs) to improve the
process yield. The role of the membrane is the removal of
hydrogen from the reaction side to shift the equilibrium
conversion to higher values.
New emerging technologies, as well as fuel cells and the
necessity to reduce CO2 emissions, have focussed on the
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application of steam reforming to produce H2 for power
applications [1–3].
The use of a membrane coupled to a steam reformer opens
new, interesting and potential applications, e.g. in fuel cell
systems and power generation plants with CO2 capture. Fig. 1
reports a simplified scheme of a potential cycle, which
generates electrical power by integrating a membrane steam
reformer and a fuel cell system. The main advantage is
clearly the production of ‘‘clean electrical power’’ with low
emissions (especially CO2 that can be easily captured in a
rich stream). Similarly, the membrane steam reactor should
be integrated in power cycles with power generation by
turbines, again with the aim to produce power energy with
low emissions [1,4,5].
Methane steam reforming in a membrane reactor has been
studied in different reactor configurations (co-current and
counter-current fixed bed, fluidised bed, etc.) in the presence of
a catalyst both experimentally and modelled in kinetic
conditions [6–8]. Little literature can be found on the analysis
of the membrane reactor for methane steam reforming in
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Calculation of the Expansion
Through a Cooled Gas Turbine
Stage
In recent work by the same authors [Torbidoni, L., and Horlock, J. H., 2005, ASME J.
Turbomach, 127, pp. 191–199], a new method for calculating the coolant flow requirements of a high-temperature gas turbine blade was described. It involved consideration
of successive chordwise strips of blading; the coolant required in each strip was obtained
by detailed study of the heat transfer processes across the wall of the blade and then
setting limits on the maximum blade metal temperature. In the present paper, the gas state
paths, involving viscous losses, heat transfer, and mixing of the coolant with the mainstream, are determined strip by strip along the whole blade chord for the stator and rotor
of the stage and illustrated on an enthalpy-entropy chart. The work output from each
rotor strip is obtained together with the losses (entropy creation) through the whole
stage. It is then possible to calculate the thermodynamic efficiency for the cooled turbine
stage and compare it to that of the uncooled stage. Illustrative calculations are given, a
main calculation being based on the mean flow across the blade pitch. But, in a second
supplementary calculation, allowance is also made for flow variations across the blade
pitch. By comparing these two calculations, it is shown that the mean flow calculation is
usually adequate. 关DOI: 10.1115/1.2185123兴

Introduction

With the purpose of improving gas turbine performance evaluation and providing a simple, flexible, and reliable tool for use in
innovative cycle design and stage preliminary design, a new
method for evaluating the cooling requirements for a hightemperature gas turbine blade row was presented in a previous
paper by the same authors 关1兴. Details are also reported in 关2兴. It
involved splitting the blade into a number of chordwise blade
strips, containing elements ⌬sdy as illustrated in Fig. 1, and the
cooling flow for each strip 共s = const兲 was determined by integration from y = 0 to y = H. In order to carry out a full blade calculation, proceeding from strip to strip, knowledge of the local properties of the mainstream gas flow at entry to each strip is needed
and the modeling of the cooled expansion through the blade channel is therefore required.
For this purpose, a one-dimensional model 共at the mean stage
diameter兲 of the expansion through the stage was initially developed and is detailed here 共but a subsequent modification to a
simple two-dimensional blade-to-blade method is also described兲.
The basic idea is to evaluate the mainstream gas flow conditions
and the velocity triangles at a succession of stations in the chordwise direction, each station representing the exit section of a
single strip of the blade and the entering section to the next.
For each blade strip considered, two main branches of calculation can then be recognized:
共i兲

the blade strip cooling modeling, as already described in
关1,2兴, which is aimed at the evaluation of the cooling requirements for the considered strip; s = const.
共ii兲 the one-dimensional modeling of the mainstream gas flow
expansion through the portion of the blade channel corresponding to the considered blade strip.
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Calculation of the mainstream conditions downstream of the
blade strip then requires knowledge of the expansion through the
portion of blade channel, the heat flux exchanged through the
blade strip wall, the film mass flow rate and its mixing with the
main gas flow. The evaluation procedure can be then restarted for
the next blade strip.
In the case of a rotor blade, the elementary power produced in
each portion of blade channel may also be calculated. The expansion process may then be plotted on a specific enthalpy-entropy
diagram. The stage efficiency may be determined if required.

2 One-Dimensional Modeling of the Flow Through the
Blading
The calculation steps in the one-dimensional modeling of the
mainstream gas flow may be listed as follows:
共a兲 The flow angles 共i.e., ␣, absolute, and ␤, relative兲 at the
mean stage diameter are prescribed at inlet and at exit from a
blade row, and these angles are assumed to vary linearly with the
chordwise distance s through the blade channels.
共b兲 With an overall mass flow specified, it is assumed that the
mean axial velocity 共i.e., the axial velocity C̄x that would pass the
mass flow if the blades were of zero thickness兲 is assumed to
remain constant. A finite prescribed blade thickness can then be
assumed in the calculation, and the actual local axial velocity Cx
obtained from the continuity equation. A pitchwise mean flow
velocity is then obtained as Cx / cos ␣.
共c兲 The losses in uncooled flow are first determined from the
work of Kacker and Okapuu 关3兴. It is assumed that all the components of these losses, except those associated with shocks at the
leading edge and with trailing edge thickness, vary linearly with
the coordinate s through the blades.
共d兲 When film cooling is applied, the changes in the stagnation
enthalpy and temperature of the mainstream gas flow across a
single blade strip are to be found, the cooling mass flow required
in the strip already being determined by the method described in
关1兴 and detailed in 关2兴. This change in stagnation enthalpy is partly
associated with the heat transferred across the blade strip wall and
partly from the subsequent mixing of the two streams, the mainstream gas mass flow increasing in the mixing. Louis et al. 关4兴
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Turbine blade cooling: the blade temperature
distribution
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Abstract: Air cooling of high-temperature gas turbines is a standard practice; the air first cools
the blading by internal convection and then by external film cooling, after ejection through
holes and slots in the blade surface. In some ‘conventional’ analyses of turbine blade cooling,
a ‘standard blade’ is invoked, which has a uniform blade temperature equal to the average temperature of the real blade, and estimates are made of the cooling flow required to hold the standard blade temperature to a limit set by material considerations. However, early analytical work
by Ainley (for convective cooling of thin-walled blades) showed that both the coolant and blade
temperatures should increase along the blade span. The current paper develops Ainley’s original
analysis to allow for finite blade wall thickness and thermal barrier coatings, film cooling, and
variation in the mainstream gas temperature along the span. This new analysis should enable
more accurate estimates to be made of cooling air flow requirements.
Keywords: turbine cooling, blade temperature, coolant flow

1

INTRODUCTION

In some ‘conventional’ analyses of turbine blade
cooling, a ‘standard blade’ is invoked, which has
a uniform blade temperature equal to the average
temperature of the real blade; it being implied
that the blade fails at this uniform, and average, temperature [1]. Here, the original work of Ainley [2] is
re-examined analytically; he suggested that the
blade metal temperature Tb (y) increases with spanwise distance from the root, (y), not attaining a
maximum until the end of the blade (y ¼ H).
The current work may be regarded as an initial step
towards more general computerized solutions to the
problem [3], in which attempts are made to overcome some of the limitations of Ainley’s work that
Halls pointed out.
It appears that the conventional approach, with Tb
constant, leads to under-estimates of the coolant
flows required to keep the blade temperature below
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a prescribed level. This may be one reason for the
high-safety factors that then have to be used in
such analyses.
2

AINLEY’S ANALYSIS

In his seminal paper, Ainley presented a basic
analysis for convectively cooled, thin-walled blades
of constant section, subject to a uniform inlet gas
temperature Tg.
His work leads to the distributions of blade temperature Tb (y) and coolant temperature Tcl (y) along the
span.
The important parameters used by Ainley are the
following.
1. X ¼ hcl Scl =hg Sg , where hcl and hg are the surface
heat transfer coefficients on the coolant and gas
sides, respectively, and Scl and Sg are the corresponding surface perimeters.
2. w þ ¼ mcl cp,cl =hg Ag,s , the familiar non-dimensional
mass flow parameter relating the coolant
heat capacity, mcl cp,cl , to hg Ag,s , where
Ag,s ¼ Sg H is the total gas surface area along a
blade length H.
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Gas Turbine Assessment for Air
Management of Pressurized
SOFC/GT Hybrid Systems
This paper analyzes and compares transient and steady-state performance characteristics
of different types of single-shaft turbo-machinery for controlling the air through a pressurized solid oxide fuel cell (SOFC) stack that is integrated into a SOFC/GT pressurized
hybrid system. Analyses are focused on the bottoming part of the cycle, where the gas
turbine (GT) has the role of properly managing airflow to the SOFC stack for various
loads and at different ambient conditions. Analyses were accomplished using two disparate computer programs, which each modeled a similar SOFC/GT cycle using identical
generic gas turbine performance maps. The models are shown to provide consistent
results, and they are used to assess: (1) the influence of SOFC exhaust composition on
expander behavior for on-design conditions, (2) the off-design performance of the bypass, bleed, and variable speed controls for various part-load conditions and for different
ambient conditions; (3) the features of such controls during abrupt transients such as
load trip and bypass/bleed valve failure. The results show that a variable speed microturbine is the best option for off-design operation of a SOFC/GT hybrid system. For
safety measures a bleed valve provides adequate control of the system during load trip.
General specifications for a radial GT engine for integration with a 550 kW pressurized
SOFC stack are identified, which allow operation under a wide range of ambient conditions as well as several different cycle configurations. 关DOI: 10.1115/1.2714567兴
Keywords: SOFC/GT hybrid system, air management, ambient conditions, off-design
modeling, transient modeling, gas turbine

Introduction
The National Fuel Cell Research Center 共NFCRC兲, California,
and the Thermochemical Power Group 共TPG兲, Italy, have been
working several years in the solid oxide fuel cell/gas turbine
共SOFC/GT兲 hybrid system field: some of the latest achievements
are reported in Refs. 关1–4兴. Previous studies and experimental
evidence on high temperature pressurized SOFC/GT hybrid systems for stationary applications 共i.e., distributed power generation兲 showed the need of air management devices that could ensure flexible operation at different loads and ambient conditions.
The air management devices would maintain safe SOFC operating
temperature, and enhance the availability of the hybrid system
especially for off-design operating conditions. Gas turbine engines, and especially microturbines 共net power below 500 kW兲,
have been identified, thus far, as the best candidates for the first
generation of pressurized SOFC/GT hybrid systems. Microturbines can provide air at the right pressure and temperature range
and can effectively recover energy from the fuel cell exhaust to
enhance overall efficiency.
Many companies, including FuelCell Energy, General Electric,
Siemens Power Corporation, and Rolls-Royce Fuel Cell Systems
are advancing SOFC/GT systems. Siemens and Rolls-Royce have
introduced two basic design options for a pressurized hybrid system: 共1兲 integrating an existing microturbine 关5兴; or 共2兲 designing
a new piece of turbomachinery 关6兴, respectively. Each of these
options has merits, but both still require further investigation to
develop control strategies for managing the air to the fuel cell
stack at different operating conditions, as well as recovering
power for enhancing system efficiency. Thus, three control stratManuscript received November 29, 2005; final manuscript received June 9, 2006.
Review conducted by Roberto Bove.

egies are proposed and investigated in the present work for a
single-shaft microturbine with radial turbomachinery, which is
representative of several existing microturbines:
1. Variable speed control: airflow is controlled by manipulating
the generator load to change the rotational speed 共N兲 of the
turbomachinery;
2. Bypass valve control: a bypass valve is installed on a bypass
branch that connects the compressor outlet to the turbine
inlet, allowing a partial bypass of the compressor intake air
around the fuel cell; and
3. Bleed valve control: a bleed valve is installed just after the
compressor outlet that can be used to reduce the air sent to
the stack by venting
Even if combinations of the above control strategies are possible, they have been assessed separately in the current analyses to
show their specific features. Any individual hybrid system design
could require several control options, but, would garner cycle
simplicity and reliability by adopting only one of the control
strategies.

Gas Turbine Modeling
Approach. Gas turbine technology is much more mature than
that of a fuel cell. Most of the new installed electricity generating
capacity is being met today by natural gas fired “combined gas
turbine-steam turbine plants 共just “combined cycles” in the following兲. Today’s gas turbines are pushing technology limits of
emissions control and operating techniques as well as materials
constraints that would require innovation or discovery and development of new materials to significantly advance the technology
further. The design turbine inlet temperature 共TIT兲, compressor
pressure ratio, compressor and turbine efficiencies, blade cooling
techniques, and combined cycle integration strategies have dramatically improved cycle performance over the years of advance-
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Abstract
The ﬂuid-dynamic analogy of a typical spherical particle in a ﬂuidized bed as the same particle suspended under terminal conditions in a
pseudo-ﬂuid (composed of the ﬂuid and all the other suspended particles) is shown to yield predictive estimates for the apparent viscosity of
ﬂuidized beds, in good quantitative agreement with reported experimental measurements for particle concentrations of up to ∼ 40%.
For higher concentrations the predictions fall progressively below measured values, leading to order-of-magnitude underestimates for dense
beds at close to minimum ﬂuidization conditions. This latter phenomenon might be ascribable to the dominance, under these conditions, of
particle–particle interactions. At high particle concentrations, these would give rise to the observed phenomenon of liquid- and gas-ﬂuidized
bed apparent viscosities approaching very similar values, and gas pressure having no inﬂuence at all.
䉷 2006 Elsevier Ltd. All rights reserved.
Keywords: Fluidization; Apparent viscosity; Pseudo-ﬂuid

1. Introduction
Fluidization is a process whereby a bed of solid particles is
transformed into something resembling a ﬂuid: an apparent, or
pseudo, ﬂuid, possessing apparent ﬂuid properties. Of these,
the apparent density presents little conceptual difﬁculty and no
problem at all in expressing directly in terms of the properties
of the particle and ﬂuidizing ﬂuid: it becomes simply the mean
density of the bed, i.e. its total mass divided by its total volume:
app = f f + p p .

(1)

A solid object placed in a ﬂuidized bed will tend to sink if
its density is greater than app and to rise to the surface if its
density is less than app . The pressure gradient in the bed is
given by
dp
= −app g
dz

(2)

and this imparts a force on a submerged object, analogous to
what would be the Archimedean upthrust in a true ﬂuid. So
far so good. However, when it comes to the other basic ﬂuid∗ Corresponding author. Tel.: +39 0862 434 214; fax: +39 0862 434 203.

E-mail address: gibilaro@ing.univaq.it (L.G. Gibilaro).
0009-2509/$ - see front matter 䉷 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.ces.2006.08.030

dynamic property of a ﬂuidized suspension, its apparent viscosity, the situation becomes less clearly deﬁned. The bed certainly displays a property analogous to ﬂuid viscosity, which
inﬂuences the velocity with which the submerged objects considered above either fall or rise. But although empirical studies of this phenomenon have been reported, and the measured
fall and rise velocities used to determine values of apparent
viscosity for the particular experimental conditions employed
(see, for example, Prudhoe and Whitmore, 1964; King et al.,
1981; Martin et al., 1981; Poletto and Joseph, 1995; Rees
et al., 2005), no means have yet been proposed for estimating
this important property of a ﬂuidized suspension as a function
of the basic system parameters—as becomes immediately possible for the apparent density, Eq. (1). The main purpose of this
paper is to present a simple analysis which addresses this deﬁciency, and to compare its predictions with measured values
of apparent viscosity reported in the literature.
Theoretical treatments of the general problem have been
limited to cases in which the suspension is maintained without
a ﬂuid velocity relative to that of the particles, in particular,
for the situation of ‘zero buoyancy’ particles, having the
same density as the liquid in which they are held (app =
f = p ). For this case, the classic Einstein relation, derived rigorously for inﬁnitely dilute suspensions, matches
well the reported measurements for very low particle
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1. Introduction
The determination of the solid–ﬂuid interaction force in a suspension is still the subject of theoretical and
experimental investigation, both in academia and in industry. To this end, large bodies of experimental evidence have been produced, especially regarding mono-component solid systems and, as a consequence, many
empirical correlations have been proposed (e.g., Di Felice, 1994). Systems made up of two or more solid types,
although being of practical relevance, have been investigated less copiously, given the intrinsic diﬃculties in
carrying out the experiments and in interpreting the results.
Rigorous theoretical approaches, for mono-component as well as multi-component solid mixtures, are possible only for systems under viscous ﬂow regime conditions and are eﬀectively limited to dilute suspensions.
Notably, Batchelor (1982) has derived a linear relation for the settling velocity of a sphere as a function of
the concentration / of the other spheres in a suspension:
!
X
S i;j /j ;
ð1Þ
ui ¼ ui;0 1 þ
j

where ui;0 is the isolated sphere settling velocity. In a subsequent work, Batchelor and Wen (1982) estimated
numerical values of the coeﬃcient S i;j for speciﬁc values of the dimensionless parameters k and c:
k¼

dj
di

and

c¼

qj  q
qi  q

ð2Þ

with d and q representing particle diameter and density, respectively.
A satisfactory, if limited, veriﬁcation of Batchelor’s theoretical predictions for non-colloidal particles has
been previously carried out by Davis and Birdsell (1988) in a study of settling velocities of 261 lm and
136 lm glass ballotini (i.e., k of about 2 and c equal to 1) and by Di Felice and Pagliai (2003) for single spheres
settling in a variety of suspensions of diﬀerent spheres. Here, we extend these results by concentrating attention on speciﬁc systems characterized by very small values of k, for which Batchelor and Wen (1982) were able
to suggest a general simple relationship quantifying the coeﬃcient S i;j , namely:
S i;j ¼ 2:5  c:
*
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Transient Modeling of the NETL
Hybrid Fuel Cell/Gas Turbine
Facility and Experimental
Validation
This paper describes the experimental validation of two different transient models of the
hybrid fuel cell/gas turbine facility of the U.S. DOE-NETL at Morgantown. The first part
of this work is devoted to the description of the facility, designed to experimentally
investigate these plants with real components, except the fuel cell. The behavior of the
SOFC is obtained with apt volumes (for the stack and the off-gas burner) and using a
combustor to generate similar thermal effects. The second part of this paper shows the
facility real-time transient model developed at the U.S. DOE-NETL and the detailed
transient modeling activity using the TRANSEO program developed at TPG. The results
obtained with both models are successfully compared with the experimental data of two
different load step decreases. The more detailed model agrees more closely with the
experimental data, which, of course, is more time consuming than the real-time model
(the detailed model operates with a calculation over calculated time ratio around 6).
Finally, the TPG model has been used to discuss the importance of performance map
precision for both compressor and turbine. This is an important analysis to better understand the steady-state difference between the two models. 关DOI: 10.1115/1.2747265兴

•

Introduction
Hybrid systems based on the coupling of high temperature fuel
cells with micro gas turbines are considered promising energy
systems for the future, especially for stationary applications. Common high temperature fuel cell technologies are two: MCFC 关1–3兴
and SOFC 关4–6兴. This paper deals with SOFC hybrid systems.
The SOFC hybrid technology can reach a very high efficiency
level, even in small size plants, given a high average operative
temperature 共around 1000° C兲 inside the stack. Furthermore, hybrid systems will have ultra low emissions 关7–9兴 and exhausted
gases at a high temperature condition, useful for co-generative
applications 关10兴. Another important feature regards noise pollution. Since the fuel cell itself does not have moving parts, the
noise level is very low, coming only from the micro turbine usually equipped with a noise reduction case, already available for
commercial machines 关11兴.
Even though these systems have already been studied in previous works 关10,12兴 both at on-design and off-design conditions, a
transient analysis is mandatory before a wide commercialization.
A transient simulation is useful 关13兴 for choosing the control strategy to avoid malfunctions or damages during rapid load variations
关12兴, such as:
•
•
•
•

an excessive temperature or temperature gradient in the fuel
cell;
too high a pressure difference between the cathodic and the
anodic sides;
too low a steam-to-carbon-ratio value in the reformer;
too high a microturbine rotational speed;

Submitted to ASME for publication in the JOURNAL OF ENGINEERING FOR GAS TURPOWER. Manuscript received December 14, 2006; final manuscript received
March 28, 2007. Review conducted by Dilip R Ballal.
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an operating condition too close to the compressor surge
line 共surge margin兲;
• excessive thermal stress in the heat exchanger and the cell.
To support the first transient theoretical analysis 关13–15兴 of the
SOFC/mGT systems, the Office of Research and Development at
the National Energy Technology Laboratory 共NETL兲 commissioned the Hybrid Performance Project 共Hyper兲 facility to examine, from the experimental point of view, issues related to component integration and control system development. This is a
physical simulator of a Direct Fired Fuel Cell Gas Turbine Hybrid
System 共Fig. 1兲 with turbomachinery, a recuperator, and two vessels used to generate the volume capacity effect of the stack and
the postcombustor. This facility has been designed to simulate a
300 kW fuel cell with a turbine load up to about 100 kW. The
thermal effect of the SOFC is simulated with a natural gas-fed
combustor, controlled by a real-time fuel cell model 关13兴. This
facility, available for public research collaborations with universities and industries, is very useful for the transient validation of the
models used for the cathodic side 共compressor, recuperator, volumes, pipes, and turbine兲 simulation. This paper shows the comparison of two MATLAB®-Simulink® transient models with experimental data of the Hyper facility. While the first model has
been implemented at the NETL obtaining real-time performance
关16兴, the second one has been implemented using the TRANSEO
tool 关17,18兴.

Facility Layout
The Hyper facility 共Figs. 2 and 3兲 is a recuperated micro gas
turbine connected to two vessels to simulate the volume capacitance of the stack and the postcombustor. As already reported in
关19兴, the main flow coming from the two recuperators 共E 300 and
E 305兲 downstream of the compressor 共C 100兲 goes through the

Copyright © 2007 by ASME

Transactions of the ASME

Downloaded 20 Nov 2007 to 130.251.62.25. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm

627

Early start-up of solid oxide fuel cell hybrid systems with
ejector cathodic recirculation: experimental results and
model verification
M L Ferrari∗ , A Traverso, M Pascenti, and A F Massardo
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Abstract: A new test rig, founded in part by Rolls-Royce Fuel Cell Systems Limited, by the EU
integrated project ‘FELICITAS’, and by the national project PRIN-2005, has been designed and
built at the University of Genova to study different early start-up layouts and strategies for solid
oxide fuel cell (SOFC) hybrid systems, using ejector-based cathodic recirculation.
The test rig, which is flexible enough to analyse different emulated turbomachine layout (single
shaft, two shafts, regenerated cycles or not, and so forth), different ejector configurations, and
different stack arrangements, is unique. It also allows the early start-up performance to be fully
investigated with particular attention to the analysis of the hybrid system fluid dynamic behaviour
when the stack is off and the control system operates at critical conditions.
The experiments have been carried out using a patented start-up combustor emulator (outlet
temperature higher than 950 ◦ C), and monitoring the pressure and temperature quick rise to
prevent mechanical and thermal stress to the fuel cell stack and to maintain turbomachine
stability.
The experimental results have also been used to verify the time-dependent hybrid system
models based on TPG-TRANSEO tool. The results show good agreement with experimental data.
This is essential to increase confidence with predictive time-dependent simulation tools during
the start-up phase, where experimental data are hardly available and fuel cell materials may
operate under risky conditions.
Keywords: hybrid system, fuel cell, cathodic recirculation, emulator, early start-up, experimental
validation

1

INTRODUCTION

Pressurized hybrid systems based on the coupling of
micro gas turbines with high temperature fuel cells,
both molten carbonate fuel cells [1] and solid oxide
fuel Cells (SOFCs) [2, 3], are expected to play an important role in the high efficiency distributed power generation market in the near future. The main reasons
that make these systems attractive are: (a) a very high
∗ Corresponding
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efficiency (over 60 per cent as a mid-term perspective) even in small size plants, (b) ultra low emissions,
and (c) exhaust gases at high temperature conditions
which is useful for co-generative applications.
However, fuel cell hybrid systems are not ready for
wide commercialization because of: (a) their too high
specific costs at component level (i.e. the fuel cell), (b)
technological problems that are not completely solved
mainly related to the integration of fuel cell system
with turbomachinery technology, and (c) the long time
(hours) required for start-up and shut-down.
Furthermore, since hybrid systems use risky components [2, 4, 5], such as the stack and the rotating
machine, wide and detailed theoretical analyses are
mandatory to better investigate critical properties and
Proc. IMechE Vol. 221 Part A: J. Power and Energy
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1

Design and Off-Design Analysis of
a MW Hybrid System Based on
Rolls-Royce Integrated Planar
Solid Oxide Fuel Cells
In this paper the design point definition of a pressurised hybrid system based on the
Rolls-Royce Integrated Planar-Solid Oxide Fuel Cells (IP-SOFCs) is presented and discussed. The hybrid system size is about 2 MWe and the design point analysis has been
carried out using two different IP-SOFC models developed by Thermochemical Power
Group (TPG) at the University of Genoa: (i) a generic one, where the transport and
balance equations of the mass, energy and electrical charges are solved in a lumped
volume at constant temperature; (ii) a detailed model where all the equations are solved
in a finite difference approach inside the single cell. The first model has been used to
define the hybrid system lay out and the characteristics of the main devices of the plant
such as the recuperator, the compressor, the expander, etc. The second model has been
used to verify the design point defined in the previous step, taking into account that the
stack internal temperature behavior are now available and must be carefully considered.
Apt modifications of the preliminary design point have been suggested using the detailed
IP-SOFC system to obtain a feasible solution. In the second part of the paper some
off-design performance of the Hybrid System carried out using detailed SOFC model are
presented and discussed. In particular the influence of ambient conditions is shown,
together with the possible part load operations at fixed and variable gas turbine speed.
Some considerations on the compressor surge margin modification are reported.
关DOI: 10.1115/1.1839917兴

Introduction

Many papers have been published in the last few years concerning the analysis of Hybrid Systems 共HS兲 based on Solid Oxide
Fuel Cells 共SOFCs兲 technology 关1– 6兴. These works are of great
interest since they have pointed out the very high efficiency of
SOFC hybrids and some new aspects that must be carefully investigated for their full development 关7,8兴.
Unfortunately, most of the mentioned investigations suffer from
a lack of information about the characteristics of the HS components such as fuel cell stack, the turbomachinery, the heat exchangers, etc. In fact, in many published papers simplified hypothesis, particularly about cell geometry, compressor maps, and so
forth have been often used to carry out the hybrids design point
and off design analyses.
Another critical aspect of hybrids investigation is related to the
model used for the cell-stack analysis. In fact in many published
papers the simulation has been carried out using very simple models 共i.e., correlation兲 or using lumped volume approach 共0D兲.
These approaches are very useful for preliminary HS investigations but they cannot give a complete description of the cell internal thermochemical behavior to avoid unfeasible cell and HS
operating conditions as already shown by the authors 关7兴. More
complex models are necessary, but on the other hand to generate a
very detailed model the cell geometry and the electrochemical
characteristics must be known in a good detail. This information is
usually not available in open literature. Moreover, to develop a
reliable cell model it is necessary to validate theoretical results
with apt experimental data 共in a similar way as normally done in
the field of turbomachinery with the so called Test Cases兲.
Contributed by the International Gas Turbine Institute 共IGTI兲 of ASME for publication in the JOURNAL OF ENGINEERING FOR GAS TURBINES AND POWER. Paper
presented at the International Gas Turbine and Aeroengine Congress and Exhibition,
Atlanta, GA, June 16 –19, 2003, Paper No. 2003-GT-38220. Manuscript received by
IGTI, October 2002, final revision, March 2003. Associate Editor: H. R. Simmons.
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In order to overcome all the barriers previously discussed the
investigation of hybrid systems based on the Rolls Royce Integrated Planar IP-SOFC technology has been carried out in collaboration with stack developer: Rolls-Royce plc, turbomachinery
manufacturers and model developer: Thermochemical Power
Group—TPG—at the University of Genoa. This work is part of
the EC funded Framework 5 project IM-SOFC-GT co-ordinated
by Rolls Royce. In IM-SOFC-GT different turbomachinery manufacturers are in charge of different FC/GT hybrid power sizes
共Turbec: subMWe, Turbomeca: 1–2 MWe, ABB Turbo Systems,
Rolls Royce, and Alstom Power Sweden: 20–30 MWe兲. In this
paper the size of the investigated system is just under 2 MWe.
Therefore, a Turbomeca gas turbine has been considered.
The analysis of the 2 MWe size IP-SOFC-HS has followed five
main steps: 共i兲 development of an IP-SOFC-HS generic model
used to define the pressurised HS lay out and the design point
conditions. 共ii兲 Development of an IP-SOFC detailed model and
its validation using Rolls Royce experimental data. 共iii兲 Verification of the HS design point using the detailed model and suggestion of modifications to meet all the system defined constraints.
共iv兲 Analysis of the ambient conditions influence on the HS performance. 共v兲 HS part load analysis at fixed and variable turbine
speed, taking into account IP-SOFC, compressor surge margin,
turbine, and heat exchanger constraints.
The 2 MWe HS lay out, its on and off design performances are
presented and analyzed in details. Strong cooperation between
fuel cell stack developer Rolls-Royce, turbomachinery manufacturers, and TPG at the University of Genoa which have expertise
in different areas: electrochemical, turbomachinery, energy systems, etc., has been essential to develop a full reliable model of
the Rolls Royce IP-SOFC-HS.
The results for sub-MWe, using a Turbec micro gas turbine, and
multi-MW system 共20–30 MWe兲 with an Alstom gas turbine, will
be presented and discussed in a future paper.

Copyright © 2007 by ASME

Transactions of the ASME

Downloaded 20 Nov 2007 to 130.251.62.25. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm

Laura Repetto
DICHEP,
University of Genoa,
Genoa, 16145, Italy

Gerry Agnew
Rolls-Royce Fuel Cell Systems Ltd,
Derby, UK

Adriana Del Borghi
DICHEP,
University of Genoa,
Genoa, 16145, Italy

Fabio Di Benedetto
DIMA,
University of Genoa,
Genoa, 16145, Italy

Paola Costamagna
DICHEP,
University of Genoa,
Genoa, 16145, Italy

Detailed Simulation of the Ohmic
Resistance of Solid Oxide Fuel
Cells
A theoretical evaluation of the ohmic resistance of solid oxide fuel cells (SOFCs) is very
important because internal ohmic resistances account for a large part of the losses
occurring in SOFCs and significantly affect cell performance. However, in the majority of
cases, a detailed evaluation of ohmic losses is not an elementary task, since the structure
of the geometry makes it difficult to apply simple laws, such as R = l / S. The solution of
a PDE equation is required, which has to be performed numerically. In this paper, two
different numerical approaches have been applied to the simulation of the internal ohmic
resistances of basic SOFC units, and the results have been compared. In particular, the
commercial mathematical software FEMLAB and MATLAB have been used to implement the
different numerical approaches. The agreement between the obtained results is very
good. 关DOI: 10.1115/1.2756847兴
Keywords: fuel cell, solid oxide fuel cell, ohmic resistance, partial differential equation,
finite elements method, finite difference method

Introduction
At the moment solid oxide fuel cells 共SOFCs兲 are considered
the most promising devices for the direct conversion of the chemical energy of fuels into electrical energy. In fact, it is believed
that, of the available fuel cells, they can best offer the widest
potential range of applications and high system efficiency. Furthermore, they also offer the possibility of using waste heat released at high temperatures in cogeneration applications and bottoming cycles.
Their state-of-the-art cell geometries can be classified as planar/
monolithic 共a monolith being formed of a number of planar cells
stacked together兲 关1兴 and tubular 关2,3兴. The former geometry has
good future prospects due to its high level of power density and
cheap manufacturing costs. However, this geometry has a drawback: the monolithic structure is built from brittle ceramic components with rather high thermal expansion coefficients. At a
high-SOFC operating temperature 共⬃1000° C兲 the intrinsic lack
of thermal expansion of the ceramic component can result in the
cracking of the solid structure, with a consequent loss of performance. The tubular design is less affected by expansion and contraction, but, from an electrical point of view, it has rather long
current paths, leading to high cell resistance and a consequent loss
of efficiency and power density. In order to improve the performance of the tubular cell, it is necessary to keep the diameter
small 共⬃2 cm兲, and this is one of the reasons for its high manufacturing costs. The need to solve the problems relating to the
mechanical stability of the materials and reduce the high manufacturing costs have encouraged the investigation of several different cell geometries, including the integrated planar solid oxide
fuel cell 共IP-SOFC兲 关4兴, which is substantially a cross between
tubular and planar geometries, seeking to combine the thermal
compliance qualities of the former and the low-cost component
fabrication and short current paths of the latter. A section of an
IP-SOFC and the sequence of the various components are reported in Fig. 1, where the chemical and electrochemical reactions
along with the current paths through each cell are shown.
Manuscript received December 21, 2005; final manuscript received April 19,
2006. Review conducted by Roberto Bove.

Internal ohmic resistances account for a large proportion of the
losses occurring in SOFCs and significantly affect cell performance. Thus, a theoretical evaluation of the ohmic resistance of
SOFCs is an important subject, especially for their possible optimization. However, a detailed evaluation of ohmic losses is not an
elementary task because the complexity of the geometry makes it
difficult to apply simple laws, such as R = l / S. Complex geometries require the solution of a PDE equation, which can be performed analytically or numerically. The first method has already
been applied in other works 关5,6兴, but unfortunately its applicability is rather limited since it does not permit the simulation of
several of the fine details of the geometry that might quite significantly influence the overall ohmic resistance. Thus, for a more
detailed simulation applicable to any geometry, not only to very
simple ones, the numerical approach is the most suitable.
The most used numerical methods are classified as 共i兲 finite
difference methods 共FDM兲 关7兴 or 共ii兲 finite element methods
共FEM兲 关8兴. The basic idea of FDMs can be summed up as follows:
•

The domain of the mathematical problem is discretized with
a finite number of suitably placed points, called grid points.
• The domain of the numerical problem is the grid points set.
• The derivatives that appear in the partial differential equations that describe the mathematical model are replaced with
linear combinations of the unknown function values at some
grid points.
• The discretized equations, applied to each grid point, form a
linear system 共in the case of a linear model兲 where the unknowns are the function values.
Instead, FEM are based on the following ideas:
•

A “weak” variational formulation of the mathematical problem is introduced, making sense of less regular unknown
functions: the equations are usually translated into appropriate orthogonality conditions 共as in the Galerkin formulation兲.
• The domain is subdivided into smaller subdomains, called
finite elements: the so-called shape functions are defined in
each element.
• The unknown function is approximated by a linear combi-
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Time Characterization of the
Anodic Loop of a Pressurized
Solid Oxide Fuel Cell System
A dynamic solid oxide fuel cell (SOFC) model was integrated with other system components (i.e., reformer, anodic off-gas burner, anodic ejector) to build a system model that
can simulate the time response of the anode side of an integrated 250 kW pressurized
SOFC hybrid system. After model description and data on previous validation work, this
paper describes the results obtained for the dynamic analysis of the anodic loop, taking
into account two different conditions for the fuel flow input: in the first case (I), the fuel
flow follows with no delay the value provided by the control system, while in the second
case (II), the flow is delayed by a volume between the regulating valve and the anode
ejector, this being a more realistic case. The step analysis was used to obtain information
about the time scales of the investigated phenomena: such characteristic times were
successfully correlated to the results of the subsequent frequency analysis. This is expected to provide useful indications for designing robust anodic loop controllers. In the
frequency analysis, most phase values remained in the 0 – 180 deg range, thus showing
the expected delay-dominated behavior in the anodic loop response to the input variations in the fuel and current. In Case I, a threshold frequency of 5 Hz for the pressure and
steam to carbon ratio and a threshold frequency of 31 Hz for the anodic flow were
obtained. In the more realistic Case II, natural gas pipe delay dominates, and a threshold
frequency of 1.2 Hz was identified, after which property oscillations start to decrease
toward null values. 关DOI: 10.1115/1.2772638兴

Introduction
High temperature fuel cells, both molten carbonate fuel cells
共MCFCs兲 and solid oxide fuel cells 共SOFCs兲, are expected to play
an important role in the production of highly efficient distributed
power generation in the near future.
It is germane to quickly summarize the reasons that make these
systems attractive:
clean and environmentally friendly power generation 共almost zero emissions of NOx, SOx, CO, and UHC兲
• high performance 共efficiency well over 60% in a midterm
perspective兲
• possible application in distributed power generation 共efficiency is almost independent of size兲
• efficient exploitation of hydrogen as a fuel
•

The integration of turbomachinery is necessary to increase fuel
cell efficiency, to reduce plant dimensions, and possibly to lower
specific capital costs as well. The resulting hybrid system certainly constitutes a concentration of hazardous components that
need to be managed in a synergetic way under all the main operating conditions, which are startup, idle operation 共i.e., zero net
power兲, power generation, and shutdown. Furthermore, the fuel
cell itself may require particular operational steps, such as the
initial conditioning period, but these are more pertinent to the fuel
cell stack than to the entire hybrid system. Extensive modeling
and performance analyses have previously been carried out by the
authors 关1,2兴. The present challenge is to define and assess the
control strategy for the entire hybrid system: this implies both an
off-design analysis to determine the operational envelope in which
Contributed by the International Gas Turbine Institute of ASME for publication in
the JOURNAL OF ENGINEERING FOR GAS TURBINES AND POWER. Manuscript received May
5, 2007; final manuscript received May 9, 2007; published online February 29, 2008.
Review conducted by Dilip R. Ballal. Paper presented at the ASME Turbo Expo
2007: Land, Sea and Air 共GT2007兲, Montreal, Quebec, Canada, May 14–17, 2007,
Paper No. GT2007-27135.

the system can be safely operated at part load and a dynamic
analysis in order to understand and control the main timedependent phenomena occurring during transition from one regime to the next. The present work is concerned with the first step
toward a complete control-oriented time characterization of a
pressurized SOFC hybrid system: this step is the analysis of the
anode loop.
The system analyzed in this paper is shown in Fig. 1 and includes an anodic ejector, a reformer, and a SOFC stack. A turbomachinery and air management system 共recuperator, ejector, etc.兲
is not included in the model, because it is primarily intended to
control the average fuel cell stack temperature 关3兴, thus having an
impact on the relatively long-term response of the system. The
anodic loop, by contrast, is supposed to show a quicker response
due to the relatively small volume it occupies 共actually, this is
strongly dependent on the SOFC stack technology兲; moreover, the
quick response is also a requirement for best fitting variations in
external electrical load. Therefore, a detailed analysis of the anodic loop may highlight the limitations in load following the
SOFC generation package, as well as providing useful information for the development of a control system 关4兴. In the anodic
loop analysis, the conditions of the cathodic side were fixed, representing a sort of boundary condition for the system: it is clear
that in an actual system, the cathodic and anodic sides are strongly
interdependent, but this creates strong interrelationships between
anode and cathode sides 关3兴 and does not allow a straightforward
interpretation of the anodic loop free response. The approach of
the present study, instead, separates the anodic loop behavior from
the rest of the plant, thus providing information on the timedependent characteristics of this part of the system.

Integrated Reformer Solid Oxide Fuel Cell Stack Model
The detailed integrated SOFC model 共detailed stack model兲 was
developed in a MATLAB-SIMULINK® environment through a specific mex-S function. It considers a detailed geometry of the pressurized planar Rolls-Royce fuel cell system 共RRFCS兲 SOFC stack
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Abstract
In this paper, the results of the thermodynamic and economic analyses of distributed power generation plants (1.5 MWe) are described
and compared. The results of an exergetic analysis are also reported, as well as the thermodynamic details of the most signiﬁcant streams
of the plants. The integration of different hybrid solid oxide fuel cell (SOFC) system CO2 separation technologies characterizes the power
plants proposed. A hybrid system with a tubular SOFC fed with natural gas with internal reforming has been taken as reference plant.
Two different technologies have been considered for the same base system to obtain a low CO2 emission plant. The ﬁrst technology
involved a fuel decarbonization and CO2 separation process placed before the system feed, while the second integrated the CO2
separation and the energy cycle. The ﬁrst option employed fuel processing, a technology (amine chemical absorption) viable for shortterm implementation in real installations while the second option provided the CO2 separation by condensing the steam from the system
exhaust. The results obtained, using a Web-based Thermo Economic Modular Program software, developed by the Thermochemical
Power Group of the University of Genoa, showed that the thermodynamic and economic impact of the adoption of zero emission cycle
layouts based on hybrid systems was relevant.
r 2007 Elsevier Ltd. All rights reserved.
Keywords: Thermoeconomics; Solid oxide fuel cell; CO2 separation

1. Introduction
Several current studies of energy production are taking
into account anthropogenic CO2 emissions that are
essentially derived from fossil fuel combustion.
Recent data have revealed that greenhouse emissions
(mainly CO2) in the European Union exceeded the Kyoto
protocol target for the year 2003 [1].
The adoptable solutions previously presented in the
literature and suitable for reducing the CO2 emissions of
power plants can be summarized as follows:




Decarbonization of the fuel stream [2] through combinations of steam reforming and partial oxidation, in
order to produce H2 and isolate CO2.
Acting on the exhaust gases by installing a treatment
plant able to operate on the entire exhaust ﬂow

Corresponding author. Tel.: +39 0103532463; fax: +39 0103532566.
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downstream from the gas turbine or heat recovery steam
generator [3].
Employing semi-closed cycles capable of recovering part
of the steam and the CO2 generated by combustion as
working ﬂuid [4].
Separation through steam condensation by acting on the
exhaust gases composed of steam and CO2 [5].

This study started with an open-literature case analysis
[7] where a 1.5 MWe hybrid solid oxide fuel cell system in
‘‘conventional’’ CO2 emission conﬁgurations was investigated. The hybrid system, able to achieve 61.7% efﬁciency,
was composed of a tubular SOFC coupled with a micro gas
turbine.
The second phase of the study consisted of the
application of a fuel decarbonization technique based on
an external auto thermal reforming and CO2 separation
unit for the reference power plant, to obtain an almost zero
CO2 emission conﬁguration system. The CO2 separation
process, which employed an aqueous solution of blended
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Abstract
Purpose – Interest is currently being expressed in heat exchanged propulsion gas turbines for a variety of aeroengine applications, and in support of
this, the aim of this paper is to evaluate the relevance of experience gained from development testing of several recuperated aeroengines in the USA in
the late 1960s.
Design/methodology/approach – Technology status, including engine design features, performance, and specific weight of recuperated propulsion
gas turbines based on radial and axial turbomachinery, that were development tested in the power range of about 300 to 4,000 hp (224 to 2,984 kW) is
discussed in Part I.
Findings – A successful flight worthiness test was undertaken in the USA of a helicopter powered solely by a recuperated turboshaft engine and this
demonstrated a specific fuel consumption reduction of over 25 percent compared with the simple-cycle engine. However; in an era of low-fuel cost, and
uncertainty about the long-term structural integrity of the high-temperature heat exchanger, further development work was not undertaken.
Practical implications – The gas turbines tested were based on conventional simple-cycle engines with essentially “bolted-on” recuperators.
Optimum approaches to minimize engine overall weight were needed in which the recuperator was integrated with the engine structure from the onset
of design, and these are discussed in Part II.
Originality/value – Based on engine hardware testing, a formidable technology base was established, which although dated, could provide insight
into the technical issues likely to be associated with the introduction of future heat exchanged aeroengines. These are projected to have the potential
for reduced fuel burn, less emissions, and lower noise, and recuperated and intercooled turboshaft, turboprop, and turbofan variants are discussed in
Part III.
Keywords Turbines, Aerospace engineering
Paper type Technical paper

fuel consumption reduction and increased flight range. Even
factoring in on-going improvements achieved in simple-cycle
engine components, the periodically reported findings showed
that, while the results were dependent on mission profile (for
say, an antisubmarine warfare patrol aircraft), recuperated

1. Introduction
In the 20 years or so following the Second World War, intense
R&D in the areas of compressor and turbine aerothermal
improvement, turbine blade cooling, combustion, materials
science, and mechanical design, yielded attractive
performance for propulsion gas turbines, including
turboprop, turboshaft, turbojet and later turbofans based on
the simplest of thermodynamic cycles.
Over the last four decades or so, various organizations,
together with new engineers entering the field, have investigated
what performance gains for aircraft and helicopters could be
realised by utilising a recuperator, particularly in the areas of

The authors would like express their thanks to Dr PeterFortescue, a
pioneer in the development of the recuperated turboprop engine, for his
expertise and comments on early gas turbine aeroengines, particularly on
the Bristol Theseus engine, and to Dr John Mason for technical advice on
high-temperature heat exchangers. Thanks are also extended to Professor
David Gordon Wilson, Professor Pericles Pilidis, Jim Oswald, and
Bryan Seegers for reviewing and providing constructive comments on the
first draft of this paper.
The authors really appreciate help given to them by John Leonard of
Rolls-Royce, Indianapolis on early Allison engines, and for reviewing and
providing comments on the first draft of the paper. As a mechanical
engineer, formerly employed by the Rolls-Royce Aeroegine Division in the
UK, the lead author wishes to thank the Rolls-Royce Heritage Trust,
Allison Branch, for providing invaluable material related to early heat
exchanged propulsion gas turbines. This paper has been enhanced by the
inclusion of hardware photographs and unique sketches, and the authors
are appreciative to all concerned, with credits duly noted.
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Abstract
Purpose – To advance the design of heat exchanged gas turbine propulsion aeroengines utilising experience gained from early development testing,
and based on technologies prevailing in the 1970-2000 time frame.
Design/methodology/approach – With emphasis on recuperated helicopter turboshaft engines, particularly in the 1,000 hp (746 kW) class, detailed
performance analyses, parametric trade-off studies, and overall power plant layouts, based on state-of-the-art turbomachinery component efficiencies
and high-temperature heat exchanger technologies, were undertaken for several engine configuration concepts.
Findings – Using optimised cycle parameters, and the selection of a light weight tubular heat exchanger concept, an attractive engine architecture was
established in which the recuperator was fully integrated with the engine structure. This resulted in a reduced overall engine weight and lower specific
fuel consumption, and represented a significant advancement in technology from the modified simple-cycle engines tested in the late 1960s.
Practical implications – While heat exchanged engine technology advancements were projected, there were essentially two major factors that
essentially negated the continued study and development of recuperated aeroengines, namely again as mentioned in Part I, the reduced fuel
consumption was not regarded as an important economic factor in an era of low-fuel cost, and more importantly in this time frame very significant
simple-cycle engine performance advancements were made with the use of significantly higher pressure ratios and increased turbine inlet
temperatures. Simply stated, recuperated variants could not compete with such a rapidly moving target.
Originality/value – Establishing an engine design concept in which the recuperator was an integral part of the engine structure to minimise the
overall power plant weight was regarded as a technical achievement. Such an approach, together with the emergence of lighter weight recuperators of
assured structural integrity, would find acceptance around the year 2000 when there was renewed interest in the use of more efficient heat exchanged
variants towards the future goal of establishing “greener” aeroengines, and this is discussed in Part III of this paper.
Keywords Turbines, Aircraft engines, Aircraft industries
Paper type Technical paper

kW
LP
MW
PF
PS
SFC
SL
TIT
UAV

Nomenclature
CFD
hp
HP
HX
I/C
ICR
IRA

¼
¼
¼
¼
¼
¼
¼

Computational fluid dynamics
Horsepower
High pressure
Heat exchanger
Intercooler
Intercooled and recuperated
Intercooled recuperated aeroengine

¼
¼
¼
¼
¼
¼
¼
¼
¼

Kilowatt
Low pressure
Megawatt
Plate-fin
Primary surface
Specific fuel consumption
Sea level
Turbine inlet temperature
Unmanned aerial vehicle
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Abstract
One of the most interesting methods of water introduction in a gas turbine circuit is represented by the humid air turbine cycle (HAT).
In the HAT cycle, the humidiﬁcation can be provided by a pressurised saturator (i.e. humidiﬁcation tower or saturation tower), this solution being known to oﬀer several attractive features. This part A is focused on an experimental study of a pressurised humidiﬁcation
tower, with structured packing inside. After a description of the test rig employed to carry out the measuring campaign, the results relating to the thermodynamic process are presented and discussed. The experimental campaign was carried out over 162 working points,
covering a relatively wide range of possible operating conditions. Details about measured data are provided in the appendix.
It is shown that the saturator’s behaviour, in terms of air outlet humidity and temperature, is primarily driven by, in decreasing order
of relevance, the inlet water temperature, the inlet water over inlet dry air mass ﬂow ratio and the inlet air temperature.
Finally, the exit relative humidity is shown to be consistently over 100%, which may be explained partially by measurement accuracy
and droplet entrainment, and partially by the non-ideal behaviour of air-steam mixtures close to saturation.
Ó 2007 Elsevier Ltd. All rights reserved.
Keywords: HAT; EvGT; Humidiﬁcation tower; Saturator; Experimental analysis

1. Introduction
After deregulation of the energy market, interest in distributed power generation has been rising among an
increasing number of companies all over the world. In fact,
distributed power generation is attractive for both large
and small energy enterprises, because of overall volume,
current positive trend and future potential.
Land-based simple-cycle gas turbines are well-known
for their compactness, ﬂexibility and rapidity of installation, despite the fact that they are aﬀected by relatively
poor eﬃciencies due to the high exhaust temperatures.
The development of combined cycles solved this problem,
but these cycles require a bulky and expensive steam plant,
which makes them not directly suitable for distributed
*
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power generation. On the other hand, mixed gas-steam
cycles are able to overcome these problems, showing good
performance and competitive costs also at sizes well below
50 MW: so far, the most successful ‘‘mixed” plants on the
market have been the Cheng cycle [1] and GE STIG cycle
[2]. Nevertheless, there are several ways of introducing
steam into a mixed cycle between the compressor and the
expander: the HAT cycle is surely one of the best-known
conﬁgurations [3], but new options are currently under
development, such as the VAST cycle [4].
Regarding the HAT cycle, several University and Industry
studies from all over the world have shown its remarkable
potential in terms of performance and reduced cost of electricity for small and mid-size power generation plants: representative analyses from the authors are reported in [5–8],
while other recent theoretical studies have been presented
in [9,10]. The main advantage of the HAT cycle is the saturator itself (i.e. humidiﬁcation tower or saturation tower),
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Abstract
One of the most interesting methods of water introduction in a gas turbine circuit is represented by the humid air turbine cycle (HAT).
In the HAT cycle, the humidiﬁcation can be provided by a pressurised saturator (i.e.: humidiﬁcation tower or saturation tower), this
solution being known to oﬀer several attractive features. This work is focused on an experimental study of a pressurised humidiﬁcation
tower, with structured packing inside. After a description of the test rig, carried out in part A, this part B is concerned with the attempt to
correlate all data points collected. Two diﬀerent approaches have been used, the ﬁrst based on polynomial correlation and the second
using a set of new non-dimensional groups. The ﬁrst correlation is shown to better ﬁt the data, having lower standard deviation, but
the second provides better interpretation of physics: the latter is able to capture the air outlet temperature with a standard deviation
r = 2.8 K. The correlations are useful for describing the oﬀ-design behaviour of the pressurised saturation tower and they can be used
as generalised representations of the behaviour of structured packing humidiﬁcation towers for HAT application, at least within the
investigated operational range.
Ó 2007 Elsevier Ltd. All rights reserved.
Keywords: HAT; EvGT; Humidiﬁcation tower; Saturator; Experimental analysis; Correlation

1. Introduction
Land-based simple-cycle gas turbines are well-known
for their compactness, ﬂexibility and rapidity of installation, despite the fact that they are aﬀected by relatively
poor eﬃciencies due to the high exhaust temperatures.
The development of combined cycles solved this problem,
but these cycles require a bulky and expensive steam plant,
which makes them not directly suitable for distributed
power generation. On the other hand, mixed gas–steam
cycles are able to overcome these problems, showing good
performance and competitive costs also at sizes well below
50 MW: so far, the most successful ‘‘mixed” plants on the
market have been the Cheng cycle [1] and GE STIG cycle
[2]. Nevertheless, there are several ways of introducing
*
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steam into a mixed cycle between the compressor and the
expander: the HAT cycle is surely one of the best-known
conﬁgurations [3], but new options are currently under
development, such as the VAST cycle [4].
Regarding the HAT cycle, several University and Industry studies from all over the world have shown its remarkable potential in terms of performance and reduced cost of
electricity for small and mid-size power generation plants.
Part A of the present work presents the four most signiﬁcant experiments and test rigs on humid air cycles, and then
it provides a detailed description of the MOSAT test rig
(MOdular SATurator, Fig. 1), constructed and operated
at TPG of the University of Genoa. The 162 experimental
results have been presented and discussed only from a qualitative point of view. This part B, on the other hand, aims
at concentrating these 162 data points into one single correlation, in order to also provide a quantitative description
of the phenomena within the saturator.
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Abstract
Purpose – This paper seeks to evaluate the potential of heat exchanged aeroengines for future Unmanned Aerial Vehicle (UAV), helicopter, and aircraft
propulsion, with emphasis placed on reduced emissions, lower fuel burn, and less noise.
Design/methodology/approach – Aeroengine performance analyses were carried out covering a wide range of parameters for more complex
thermodynamic cycles. This led to the identification of major component features and the establishing of preconceptual aeroengine layout concepts for
various types of recuperated and ICR variants.
Findings – Novel aeroengine architectures were identified for heat exchanged turboshaft, turboprop, and turbofan variants covering a wide range of
applications. While conceptual in nature, the results of the analyses and design studies generally concluded that heat exchanged engines represent a viable
solution to meet demanding defence and commercial aeropropulsion needs in the 2015-2020 timeframe, but they would require extensive development.
Research limitations/implications – As highlighted in Parts I and II, early development work was focused on the use of recuperation, but this is only
practical with compressor pressure ratios up to about 10. For today’s aeroengines with pressure ratios up to about 50, improvement in SFC can only be
realised by incorporating intercooling and recuperation. The new aeroengine concepts presented are clearly in an embryonic stage, but these should
enable gas turbine and heat exchanger specialists to advance the technology by conducting more in-depth analytical and design studies to establish
higher efficiency and “greener” gas turbine aviation propulsion systems.
Originality/value – It is recognised that meeting future environmental and economic requirements will have a profound effect on aeroengine design
and operation, and near-term efforts will be focused on improving conventional simple-cycle engines. This paper has addressed the longer-term
potential of heat exchanged aeroengines and has discussed novel design concepts. A deployment strategy, aimed at gaining confidence with emphasis
placed on assuring engine reliability, has been suggested, with the initial development and flight worthiness test of a small recuperated turboprop
engine for UAVs, followed by a larger recuperated turboshaft engine for a military helicopter, and then advancement to a larger and far more complex
ICR turbofan engine.
Keywords Aircraft engines, Helicopters, Aircraft
Paper type Technical paper
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Technological aspects of gas turbine and fuel
cell hybrid systems for aircraft: a review
M. Santin, A. Traverso and A. Massardo
TPG-DIMSET,
University of Genoa
Genoa, Italy

ABSTRACT
The objective of this work is to make an overview of opportunities
and issues related to the aeronautical application of solid oxide fuel
cell hybrid systems. The great interest on fuel cells comes from their
capacity of producing electric energy with high efficiency at low
pollutant production. The application of these systems as full-time
auxiliary power units is an interesting alternative in a future
scenario, which is supposed to include a More Electric Aircraft and
more restrictive environmental standards. A review of the technological aspects of this application is presented. The physical models
found in literature were investigated and the results were compared
and discussed.

NOMENCLATURE
APU
ATR
B
C
CD
CPOX
CSD
DMFC
E
ECS

auxiliary power unit
autothermal reformer
burner
compressor
condenser
catalytic partial oxidation
constant speed drive
direct methanol fuel cell
ejector
environmental control system

EU
FC
FCAPU
FP
G
HDS
HE
HS
IDG
LHV
MCFC
MEA
N
p
P
PEM
SOFC
T
TIT
UAV
WP
WSR
β
η

European Union
fuel cell
fuel cell auxiliary power unit
fuel processor
generator
catalytic hydrodesulfurisation
heat exchanger
hybrid system
integrated drive generator
low heating value
molten carbonate fuel cell
more electric aircraft
nominal shaft speed [RPM]
pressure [bar]
power [kW]
proton exchange membrane
solid oxide fuel cell
turbine
turbine inlet temperature
unmanned aerial vehicles
water processor
water steam reformer
pressure ratio [-]
efficiency [%]
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Ejector Model for High
Temperature Fuel Cell Hybrid
Systems: Experimental Validation
at Steady-State and Dynamic
Conditions
The aim of this work is the experimental validation of a steady-state and transient ejector
model for high temperature fuel cell hybrid system applications. This is a mandatory step
in performing the steady state and the transient analysis of the whole plant to avoid
critical situations and to develop the control system. The anodic recirculation test rig,
developed at TPG-University of Genoa, and already used in previous works to validate
the ejector design models (0D and computational fluid dynamics), was modified and used
to perform tests at transient conditions with the aim of ejector transient model validation.
This ejector model, based on a “lumped volume” technique, has been successfully validated against experimental data at steady-state and transient conditions using air or CO2
at room temperature and at 150° C in the secondary duct inlet. Then, the ejector model
was integrated with the models of the connecting pipes, and with the volume simulation
tool, equipped with an outlet valve, in order to generate an anodic recirculation model.
Also in this case, the theoretical results were successfully compared with the experimental
data obtained with the test rig. The final part of the paper is devoted to the results
obtained with square wave functions generated in the ejector primary pressure. To study
the effects of possible fast pressure variations in the fuel line (ejector primary line), the
test rig was equipped with a servo-controlled valve upstream of the ejector primary duct
to generate different frequency pressure oscillations. The results calculated with the recirculation model at these conditions were successfully compared with the experimental
data too. 关DOI: 10.1115/1.2890102兴
Keywords: ejector, anodic recirculation, hybrid system, experimental validation

Introduction
The latest applications of single stage ejectors, to perform both
anodic and cathodic recirculations in solid oxide fuel cell 共SOFC兲
systems 关1–3兴, have shown the importance of investigating these
components under both steady and unsteady conditions. For instance, Fig. 1 shows the 1 MW solid oxide fuel cell hybrid system, currently under development at Rolls-Royce Fuel Cell Systems Ltd. 共RRFCS兲 关1兴, where both cathodic and anodic
recirculations are carried out with ejectors. In fact, this novel
cycle is based on the recycling of cathodic off gas to preheat the
oxidant flow and on an anodic circuit to recirculate part of the
exhausted gases to ensure the correct quantity of steam and heat
necessary for the reforming reactions. Figure 2 shows the typical
single stage ejector layout, used in these plants, where the driving
fluid, introduced through the primary nozzle, generates the flow
into the secondary duct. Then, the primary and secondary flows
reach uniformity inside the mixing chamber upstream of the diffuser, where their kinetic energy is turned into pressure energy.
Even though ejector technology has been studied for many
years for applications in the alimentary and chemical industry, oil
plants, and aircraft jet propulsion 关4–7兴, the ejectors for hybrid
systems require a more extensive investigation to understand and
optimize their performance. In fact, there are many differences
between the applications in SOFC closed circuits and the traditional ones, specifically due to the chemical composition and temManuscript received August 4, 2006; final manuscript received March 10, 2007;
published online September 5, 2008. Review conducted by Michael von Spakovsky.

perature of the gases and the constraints to be considered 关8兴. For
instance, an anodic ejector has to ensure very high values of the
recirculation factor 共F兲 to avoid depositing carbon in the anodic
circuit, even at off-design and transient conditions 关9兴, and the
main role of the cathodic ejector is to perform the required recirculation without excessive pressure difference between the compressor outlet and turbine inlet 关10兴.
In previous works 关8,10,11兴, the ejectors for hybrid system applications were studied at steady-state conditions from both theoretical and experimental points of view. In fact, in Ref. 关11兴, the
authors have shown a new design procedure based on 0D and
2D/3D computational fluid dynamics 共CFD兲 models, successfully
validated with the experimental results obtained with the closedloop ejector test rig developed at the University of Genoa 关3,10兴.
Due to the complexity of a hybrid system recirculation loop, a
transient analysis is mandatory 关12–15兴 for investigating the behavior of the system critical parameters over time. Therefore, a
transient ejector model was developed by the authors 关9,16兴 to
carry out the analysis of hybrid plants 关17兴 and to implement the
control system 关18兴. The complete validation of this model, whose
preliminary theoretical results were presented in Ref. 关16兴, is reported in this paper, focusing on the anodic recirculation because
of its more restrictive conditions. In fact, even though aircraft jet
propulsion ejectors have already been studied at transient conditions 关19兴, a new unsteady analysis is necessary, because of their
specific operative conditions, to ensure a large enough value of the
steam-to-carbon ratio, also over time, to avoid carbon deposits
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1

The efficiency of a cooled turbine stage has been discussed in the literature. All proposed
definitions compare the actual power output with an ideal output, which has to be determined; but usually, one of two definitions has been used by turbine designers. In the first,
the so-called Hartsel efficiency, the mainstream gas flow, and the various coolant flows to
rotor and stator are assumed to expand separately and isentropically to the backpressure.
In the second, it is assumed that these flows mix at constant (mainstream) gas pressure
before expanding isentropically (sometimes, the rotor coolant flow is ignored in this
definition). More recently, it has been suggested that a thermodynamically sounder definition is one in which the gas and coolant flows mix reversibly and adiabatically before
isentropic expansion to the backpressure. In the current paper, these three efficiencies are
compared, for a typical stage—the first cooled stage of a multistage industrial gas turbine. It is shown that all the efficiencies fall more or less linearly with increase of the
fractional (total) coolant flow. It is also shown that the new definition of efficiency gives
values considerably lower than the other two efficiencies, which are more widely used at
present. Finally, the various irreversibilities associated with the flow through a cooled
turbine are calculated. Although all these irreversibilities increase with the fractional
coolant flow, it is shown that the “thermal” irreversibility associated with film cooling is
higher than the other irreversibilities at large fractional coolant flow.
关DOI: 10.1115/1.2771250兴

Introduction

In an earlier paper 关1兴, various ways for defining the thermodynamic efficiency of a cooled turbine were discussed; in all the
definitions, the actual power output is compared with an ideal
power output, and it is that ideal power that is the main subject of
discussion.
Most turbine designers usually use one of two definitions. In
the first 共the so-called Hartsel efficiency Hart兲, the mainstream
gas flow and the various coolant flows to rotor and stator are
assumed to expand separately and isentropically to the backpressure, giving the ideal power output. In the second 共sometimes
called the mainstream pressure mixed efficiency mp-mix兲, it is
assumed here that the gas and coolant flows mix at constant
共mainstream兲 gas pressure before expanding isentropically to the
backpressure, giving a different ideal power output 共but note that
sometimes only the nozzle coolant is assumed to be mixed with
the mainstream gas, it being implied that the rotor coolant does
not contribute to the work output, actual or ideal兲. These two
definitions, Hart and mp-mix, are well documented in the literature and do not require further discussion here.
But, Young and Horlock 关1兴 recommended that a new form of
efficiency should be used, the so-called “fully reversible mixed”
efficiency fr-mix. In this form, the ideal power output is assumed
to be obtained in a fully reversible adiabatic process between a
reversibly mixed entry state 共of the same stagnation enthalpy and
entropy as the entering hot gas and coolant streams兲 and an exit
state at the backpressure 共the stagnation pressure at exit from the
actual turbine兲. We discuss this new definition further in the next
section.
The parameters Kext, Kint appear in complex equations and are
defined in the Appendix.
Contributed by the International Gas Turbine Institute of ASME for publication in
the JOURNAL OF ENGINEERING FOR GAS TURBINES AND POWER. Manuscript received July
5, 2006; final manuscript received August 9, 2006; published online January 11,
2008. Review conducted by Dilip R. Ballal. Paper presented at the ASME Turbo
Expo 2006: Land, Sea and Air 共GT2006兲, Barcelona, Spain, May 8–11, 2006, Paper
No. GT2006-90424.

2

Fully Reversible Mixed Efficiency

The mass flows of the entry gas and cooling streams are taken
as mg and ⌺mci, with 共mg + ⌺mci兲 = 1, and their corresponding entry states expressed in terms of stagnation conditions as
共p01g , h01g兲 and 共p01ci , h01ci兲. The actual exit state 共unit mass flow,
fully mixed兲 is 共p03 , h03兲. If the entering streams were initially
mixed reversibly and adiabatically, then the resulting state of the
mixed stream 共of unit mass兲 would be state 01, with the specific
共stagnation兲 enthalpy given by
h01 = mgh01g + ⌺mcih01ci

共1兲

and the specific entropy by
s01 = mgs01g + ⌺mcis01ci
After an isentropic expansion to the common backpressure p03,
the state 共h03ss , s03ss兲 would be reached, where s03ss = s01.
The fully reversible mixed efficiency definition is then

fr-mix =

h01 − h03
h01 − h03ss

From the steady flow energy equation for adiabatic flow
through the turbine, the numerator is the actual power output P,
since
P = 共mgh01g + ⌺mcih01ci兲 − h03 = h01 − h03
the leaving flow being fully mixed 共and of unit mass flow兲 and
having stagnation enthalpy h03.
In practice, this actual power output will usually be obtained
from experimental measurement, either of the power output P
directly, via torque and rotational speed, or of the enthalpy fluxes
h01 = mgh01g + ⌺mcih01ci and h03. The latter give the numerator of
the efficiency expression 共we neglect both the disk coolant flows
and the windage here兲. Alternatively, a full computational fluid
dynamics 共CFD兲 method may be used to calculate the power output.
The denominator can then be obtained in one of two ways.
共a兲

In the first, the hypothetical state 共h01 , s01兲 is first deter-
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Generic Real-Time Modeling of
Solid Oxide Fuel Cell Hybrid
Systems
Real-time (RT) modeling is a recognized approach to monitor advanced systems and to
improve control capabilities. Applications of RT models are commonly used in the automotive and aerospace fields. Starting from existing components and models developed in
TRANSEO[REF], a new approach, called the multipurpose RT approach, is developed for the
solid oxide fuel cell hybrid system application. Original C-based models have been
reprogrammed into embedded MATLAB functions for direct use within MATLAB-SIMULINK.
Also, models in TRANSEO have been simplified to improve execution time. Using MATLAB’s
Real-Time Workshop application, the system model is able to be translated into an autogenerated C-code, and run as an application specific RT executable.
关DOI: 10.1115/1.3080553兴

Rolls-Royce Fuel Cell Systems Limited,
Loughborough LE11 3GR, UK

1 Introduction: The Multipurpose RT Model Approach

共4兲 to monitor and diagnose the actual system during operation
共5兲 long-term application model predictive control 共MPC兲 关8兴

In late 2000, the Thermochemical Power Group 共TPG兲 of the
University of Genoa, Italy decided to develop TRANSEO, using the
MATLAB and SIMULINK visual environments, both to collect the
work already done in the transient and dynamic fields and to extend the field of application to microturbine cycles and solid oxide
fuel cell 共SOFC兲 hybrid systems. Presently, TRANSEO is providing
the user with more than 30 modules 关1–3兴. Validation has been
extensively performed in applications other than SOFC hybrid
systems 关4,5兴.
In the past year the TPG, in collaboration with Rolls-Royce
Fuel Cell Systems Limited 共RRFCS兲, has begun development of a
multipurpose 共MP兲 real-time 共RT兲 library for supporting the development and verification of actual control systems. This is
called the multipurpose RT approach.
This work presents the latest achievements of generic timedependent simulation tools of SOFC gas turbine hybrid systems
for control and monitoring purposes. Several approaches in open
literature, such as those in Refs. 关6,7兴, aimed at achieving more
than real-time performance from the simulation tools by linearizing, either automatically or analytically, the component models.
Such an approach is effective for studying operating conditions
close to the linearization point 共central point兲, but it is affected by
significant loss in accuracy when the operating conditions differ
from those of the central point. For this reason, a new approach
for effective time-dependent calculations of SOFC hybrid systems
was investigated, with the objective of reducing calculation time
but retaining most of the present in the actual cycle. The applications are fourfold and are listed as follows:

The third and fourth applications require autocoding and realtime or rapid execution capability. It will be shown that the newly
developed models of the whole hybrid system can run several
times faster than real-time on a modern laptop.
Real-time modeling is a recognized approach to monitor advanced systems and to improve control capabilities. Applications
of real-time models are commonly used in the automotive and
aircraft fields. Relative to existing applications, the SOFC hybrid
system presents a number of challenging aspects, mainly related
to the complexity of the thermochemical cycle.
In the short term, the generic time-dependent models are being
employed for the control system development of hybrid system
pilot plants 共point 1 above兲, and for verification of the actual
control hardware and software 共point 2 and 3 above兲.
In the medium term, the availability of such tools will contribute to the monitoring and diagnostics of pilot plants 共point 4兲. This
will provide a capability for optimization of controllability and
load following of SOFC hybrid systems, allowing for significant
time and cost savings.
Embedded MATLAB functions provide the capability to include a
subset of MATLAB functions within SIMULINK models. On simulation the embedded MATLAB functions are translated to efficient
C-code and complied. The resulting dll is then called by the SIMULINK simulation.
Although Embedded MATLAB attempts to produce exactly the
same results as MATLAB, there will be occasions when they will
differ due to rounding errors. Different C compilers may yield
different results for the same computation. However, in our application this problem is not relevant.
Embedded MATLAB function blocks support calls to MATLAB
functions for simulation only, if these calls do not directly affect
any of the SIMULINK inputs or outputs, they are eliminated from
the generated code when generating code with Real-Time Workshop.
The embedded MATLAB functions are a relatively new feature in
SIMULINK. In the past there was no way of using MATLAB code
共even as an S-function兲 in a SIMULINK program that had to be
compiled with Real-Time Workshop 共RTW兲 关9兴.
To reach the real-time performance, the TRANSEO model com-

共1兲 to develop, optimize, and tune the control system
共2兲 to test the control system in software-in-the-loop configuration
共3兲 to test the actual controlling hardware in hardware-in-theloop configuration
Manuscript received January 29, 2008; final manuscript received May 29, 2008;
published online March 9, 2009. Review conducted by Roberto Bove. Paper presented at the Second European Fuel Cell Technology and Applications Conference
共EFC2007兲, Rome, Italy, December 11–14, 2007.
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a b s t r a c t
The interest in solid oxide fuel cell systems comes from their capability of converting the chemical energy
of traditional fuels into electricity, with high efﬁciency and low pollutant emissions. In this paper, a study
of the design space of solid oxide fuel cell and gas turbine hybrids fed by methanol and kerosene is presented for stationary power generation in isolated areas (or transportation). A 500 kW class hybrid system was analysed using WTEMP original software developed by the Thermochemical Power Group of the
University of Genoa. The choice of fuel-processing strategy and the inﬂuence of the main design parameters on the thermoeconomic characteristics of hybrid systems were investigated. The low capital and
fuel cost of methanol systems make them the most attractive solutions among those investigated here.
Ó 2009 Elsevier Ltd. All rights reserved.

1. Introduction
The current concern with consumption of fossil fuels and pollutant emissions (especially greenhouse gases such as CO2) is the
main motivator for the exploration of fuel cell systems as an alternative to traditional power generation systems. Solid oxide fuel
cell (SOFC) hybridization with micro gas turbines (GT) is an attractive option for power generation up to a few MW. Electrochemical
means of energy conversion (such as fuel cells) make it possible to
achieve higher efﬁciencies than in conventional thermal cycles, because they are not limited by theoretical Carnot efﬁciency. The
lower fuel consumption is reﬂected in lower CO2 emissions and
only a small part of the fuel, which is not converted in the fuel cell,
is directed to a burner, with reduced (or negligible) yield of NOx.
Compared to other fuel cell technologies, SOFCs are particularly
interesting due to their ﬂexibility of operation with hydrocarbon
fuels, and their ability to use carbon monoxide as a fuel. Natural
gas fuelled prototypes, aimed at stationary applications, are under
development around the world [1–3]. However, applications for remote areas, islands and auxiliary power unit (APUs) will require
the use of liquid fuels. Methane-fuelled systems require a powerconsuming compressor which can be avoided with liquid fuels by
pumping the liquid phase. Reformers, however, work with fuels
in the gaseous phase, requiring a system for fuel vaporization.
In the present work, two liquid fuels were investigated: methanol and kerosene. Methanol can be produced from renewable resources. It is an inherently pure product, which simpliﬁes its
* Corresponding author. Tel.: +39 010 353 2463; fax: +39 010 353 2566.
E-mail address: marco.santin@unige.it (M. Santin).
0306-2619/$ - see front matter Ó 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.apenergy.2008.12.023

utilization in fuel cells. Appropriate low-temperature fuel cells allow direct feeding, without the intermediate production of hydrogen. The application of this fuel for high temperature fuel cells was
studied for both molten-carbonate [4] and solid oxide fuel cells [5].
Power systems including a low-temperature methanol reformer
can achieve high efﬁciencies if the heat for the endothermic
reforming reactions is recovered from the exhaust gases.
Kerosene is representative of conventional liquid fossil fuels
and it is also a typical fuel for aerospace applications. Kerosene systems have to deal with problems of carbon deposition when the
fuel is heated above 170 °C, and with sulphur contents that can
reach 3000 ppm (w). Fuel cell APUs fuelled with kerosene has been
studied by the Industry [6], by NASA [7], and by the Academy [8].
The objective of this work was to evaluate the design space of
SOFC and gas turbine hybrid systems fuelled by methanol and kerosene, taking into account the inﬂuence of design parameters on
the efﬁciency and economics of the plant.

2. SOFC-GT hybrid layouts
Two conceptual SOFC stack types were considered, characterized by two different temperature rises along the air path: tubular
technology with high rise (200 °C), thus named TSOFC, and planar
technology with low rise (100 °C), thus named PSOFC.
Four layouts were studied, characterized by two distinct anode
and cathode side conﬁgurations (see Fig. 1).
On the cathode side, one layout was deﬁned using a high
temperature heat exchanger, integrated into a tubular SOFC, to
pre-heat the cathode inlet air (TSOFC layout), and a second layout
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a b s t r a c t
In this work the thermoeconomic features of two different combined cycles using air ‘‘open loop” and
steam ‘‘closed loop” cooled gas turbines are presented and compared in depth. In order to properly estimate both thermodynamic and thermoeconomic performance of the different combined cycles an analytical model of the blade cooling system has been developed in details and outlined in the paper. Internal
Thermoeconomic functional analysis is not performed here, as only economic results are shown and discussed. The blade cooling detailed model, originally developed by TPG researchers, has been integrated
into the web based modular code WTEMP, already validated for GT based cycles, developed in the last
ten years by TPG. It is shown that the closed loop blade cooling conﬁguration has the greatest potential
in terms of thermodynamic efﬁciency and economic competitivity in the mid-term.
Ó 2009 Elsevier Ltd. All rights reserved.

1. Introduction
In a society where economic and low-pollution power production has become of vital importance, the development of cheap,
new and clean power plants is relevant.
The main objective of this work is the thermoeconomic analysis
of advanced combined cycles operating with air cooled or/and
steam cooled gas turbine expanders, taking into account both technical and economic constraints.
To correctly evaluate the thermoeconomic performance of such
systems the ﬁrst and very important step is the development of a
ﬂexible and reliable calculation method for blade cooling subsystems. Therefore, in the ﬁrst part of this work a complete and detailed method to evaluate blade cooling performance (cooling
ﬂow rate, temperature distribution, pressure losses) has been
developed and validated with data available in open literature.
Fig. 1 shows the difference between standard and simpliﬁed blade
cooling models, usually utilised in power plant calculations, and
the present model developed by TPG.
The single stage cooling model is based on a fully analytical approach in order to investigate also non conventional cooling ﬂuid
(such as CO2, steam, etc.); the model (that includes convective
cooling, thermal barrier coatings – TBC, and ﬁlm cooling) has been
also used to create a multistage cooled turbine simulation tool
using a one-dimensional expansion approach. The multistage

* Corresponding author. Tel.: +39 010 353 2463; fax: +39 010 353 2566.
E-mail address: francesco.ghigliazza@unige.it (F. Ghigliazza).
0306-2619/$ - see front matter Ó 2009 Elsevier Ltd. All rights reserved.
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expansion line model allows un-cooled stages to be also taken into
account.
The cooled stage calculation is made with a ‘‘stepped” approach: the blade is divided into several chord-wise steps and
the cooling calculation is applied [3]. Cooling resolution is based
on the internal and external geometry of the blade to each single
step to estimate the local value of the thermodynamic parameters
(p, T, mass ﬂow, etc.), the heat transfer coefﬁcient, the ﬁlm cooling
efﬁciency, the minimum cooling ﬂow rate.
The model has been used to evaluate the performance of several
gas turbines, however, the data available in open literature does
not allow the approach to be fully validated.
Since the blade cooling system is part of the more complex
combined cycle lay out, the described expansion model has been
modiﬁed (a new module has been created for the cooled gas turbine stage) to be included in the WTEMP (Web ThermoEconomic
Modular Program) software to enhance its simulation capabilities.
In such a way it is possible to carry out detailed thermodynamic
and thermoeconomic evaluation of the performance of gas turbine
based cycles. Exergy analysis may be also carried out with WTEMP
to provide better insight into the losses related to different cooling
systems.
Two types of combined power plants have been investigated.
The ﬁrst using open loop air cooling system, and the second one
using a closed loop steam cooling system.
In the second part of this work, using the described cooled gas
turbine expansion model inside the WTEMP, overall thermoeconomic performance are presented and compared to state-of-theart technology.
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A new high temperature fuel cell-micro gas turbine physical emulator has been designed
and installed in the framework of the European Integrated Project “FELICITAS” at the
Thermochemical Power Group (TPG) laboratory located at Savona. The test rig is based
on a commercial 100 kWe recuperated micro gas turbine (mGT) (Turbec T100) modified
to be connected to a modular volume designed for physical emulation of fuel cell stack
influence. The test rig has been developed starting with a complete theoretical analysis of
the micro gas turbine design and off-design performance and with the definition of the
more flexible layout to be used for different hybrid system (molten carbonate fuel cell or
solid oxide fuel cell) emulation. The layout of the system (connecting pipes, valves, and
instrumentation, in particular mass flow meter locations) has been carefully designed,
and is presented in detail in this paper. Particular attention has been focused on the
viscous pressure loss minimization: (i) to reduce the unbalance between compressor and
expander, (ii) to maintain a high measurement precision, and (iii) to have an effective
plant flexibility. Moreover, the volume used to emulate the cell stack has been designed to
be strongly modular (different from a similar system developed by U.S. Department Of
Energy-National Energy Technology Laboratory) to allow different volume size influence
on the mGT rig to be easily tested. The modular high temperature volume has been
designed using a computational fluid dynamics (CFD) commercial tool (FLUENT). The
CFD analysis was used (i) to reach a high level of uniformity in the flow distribution
inside the volume, (ii) to have a velocity field (m/s) similar to the one existing inside the
emulated cell stack, and (iii) to minimize (as possible) the pressure losses. The volume
insulation will also allow to consider a strong thermal capacity effect during the tests.
This paper reports the experimental results of several tests carried out on the rig (using
the mGT at electrical stand-alone conditions with the machine control system operating
at constant rotational speed) at different load values and at both steady-state and transient conditions. 关DOI: 10.1115/1.3006200兴
Keywords: hybrid system, high temperature fuel cells (MCFC, SOFC), physical
emulator, commercial micro gas turbine, modular volume

1

Introduction

In recent years, pressurized hybrid systems 共HSs兲 based on the
coupling of high temperature fuel cells with micro gas turbines are
considered promising energy systems for the future, especially for
distributed power generation. There are two common high temperature fuel cell technologies: molten carbonate fuel cell
共MCFC兲 关1–3兴 and solid oxide fuel cell 共SOFC兲 关4–6兴. These are
strongly attractive for the following main reasons:
high efficiency 共over 60% as a midterm perspective兲 even in
small size plants 关7兴
• clean and environmentally friendly power generation 关8兴 共almost zero emissions of NOx, SOx, CO, unburned hydrocarbons 共UHCs兲兲
• possible application for cogeneration 关9兴 共exhaust gases at
high temperature兲
• low noise pollution 共the cell does not have moving parts and
the turbine is equipped with a noise reduction case 关10兴兲
•

In spite of their high performance, the hybrid systems are not
ready for wide commercialization for the following main reasons:
Manuscript received June 17, 2007; final manuscript received November 30,
2007; published online May 13, 2009. Review conducted by Ben Wilhite. Paper
presented at the 5th International Fuel Cell Science Engineering and Technology
Conference 共FUELCELL2007兲, Brooklyn, NY, June 18–20.

•
•
•
•

high specific cost
integration with turbomachinery
lack of compactness
long time periods required for the start-up and shutdown
phases

Furthermore, since hybrid systems use risky components 关5,11兴,
such as the stack, the recuperator, and the rotating machine, wide
and detailed theoretical analyses are mandatory to better investigate critical properties and to prevent malfunctions or damage
during the main critical operating conditions, such as: start-up,
idle operation 共i.e. zero net power兲, load changes, load rejection,
and shutdown.
Even if the hybrid system transient behavior and safe management are currently under investigation mainly through theoretical
approaches 关2,11,12兴, the experimental support is essential for
both model verifications and critical phase management 关13兴.
A practical solution to avoid very expensive rigs comes from
the development of simplified experimental plants, named emulators. They are able to generate the same effects of a real system, in
terms of pressures, temperatures, and mass flow rates, without the
fuel cell stack and sometimes without turbomachines. This new
experimental approach, which generates reliable results as a complete test rig, also allows to investigate high risk situations with
more flexibility without serious and expensive consequences to
the equipment and at a very low cost compared with real hybrid
configurations.

Journal of Fuel Cell Science and Technology
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Abstract: This article presents a research project carried out by the Thermochemical Power
Group of the University of Genoa and is concerned with the monitoring of a three pressure level
heat recovery steam generator (HRSG).
The work consists of the development of an original computer code using Matlab software that
calculates the performance of heat exchangers, at different power plant operating conditions. This
kind of software was developed with a twofold objective: to calculate the actual gas path inside
the HRSG starting from the available measurements, thus obtaining the current effectiveness of
all the heat exchangers in the HRSG, and to estimate the expected performance of each heat
exchanger to be compared with the actual ones.
Once the actual effectiveness and the expected effectiveness of the heat exchanger are defined,
non-dimensional performance parameters suitable for degradation assessment can be defined.
As a result of the sensitivity analysis, each performance parameter is coupled with an accuracy
factor. The developed methodology has been successfully applied to historical logged data (3
years) of an existing large size (400 MW) combined cycle, showing good capabilities in estimating
the degradation of the HRSG throughout plant life.
Keywords: monitoring, combined cycle, heat exchangers, non-dimensional indexes, error
propagation
1

INTRODUCTION

Combined cycle (CC) power plant performance analysis is very important because of their large diffusion
all over the world and of their leading role in the
electric power production. A complete performance
analysis is essential both for the power plant constructor and for the user. Most of the CC constructors
offer a suitable plant monitoring system for each kind
of plant they produce, with the objective to control
daily the performance, efficiency, and operation of
the whole power plant. As reported in reference [1],
the monitoring activity consists of evaluating continuously the productivity capacity and the efficiency
of the plant, using the stream of data coming from
plant instrumentation. The performance evaluation is
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repeated at regular intervals with the objective of calculating the degradation of the different elements of
the plant. The degradation is defined as a worsening
performance and can be caused, depending on plant
component, by various phenomena: from compressor
fouling to turbine blade oxidation or corrosion, heat
exchangers fouling, and so on [2–8].
A detailed diagnostic analysis can perform important improvements in power plant management,
such as
(a) instantaneous information about the operation of
the plant, through the definition of efficiencies and
degradation indexes;
(b) troubleshooting: fast identification of the malfunctioning component and possibility to reduce
the maintenance shutdowns of the plant or to
avoid stops with targeted interventions;
(c) performance improvement;
(d) better management of maintenance (predictive
maintenance);
(e) optimization of plant operation.
Proc. IMechE Vol. 223 Part A: J. Power and Energy
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Abstract
This paper describes the results of thermodynamic and economic modelling based on integrating an existing large
size steam power plant with a hydrogen production and purification plants fed by coal or biomass mixed with coal.
The high quality of the hydrogen produced would guarantee its usability for distributed generation and for public
transport. The proximity of a hydrogen production plant to a steam power plant could favour connections in terms of
energy requirements exchange; systems proposed could represent an attractive approach to co-production of
hydrogen and electricity. Two different technologies for the syngas production section are considered: pyrolysis
process and direct pressurised gasification.
Keywords: Economics, coal, biomass, hydrogen, gasification, pyrolysis.
1. Introduction
The growing attention being paid to the environmental
impact of industrial civilization and increased sensitivity to
global warming are forcing us to search for alternative
solutions which can significantly reduce carbon dioxide
emissions into the atmosphere (IPCC, 2005).
Nowadays the utilisation of coal has strong attractions
from an economic point of view: coal is a widely available,
low cost energy source which greatly reduce our
dependence on the oil-exporting countries. Otherwise coal
utilisation is limited by environmental problems: the CO2
specific emission from the use of this fuel is extremely high
compared with natural gas. Moreover, the high
concentration of sulphur forces to adopt expensive plants
for the exhaust post-treatment in order to comply with the
limits on emissions into the atmosphere imposed by
national and international legislation.
Many thermodynamic and economic studies have been
carried out on the production of energy from coal with low
CO2 emissions, using “pre-combustion capture” (Chiesa et
al., 2005; Fantini et al., 2007), “post-combustion capture”
(Abu-Zahra et al., 2007), and “oxy-fuel” (Valero and Usón,
2006; Donatini et al., 2005) strategies. In this context the
aim of this work is to investigate the feasibility of a new
concept: integrated systems for hydrogen and electricity coproduction from coal and biomass. The main objective of
this paper is to evaluate the thermodynamic and economic
impact of integrating a hydrogen production system with a
traditional steam power plant.
Biomass is considered attractive in the field of energy
production in terms of CO2 emissions avoided and is here
investigated as a fuel for mixing with coal. The results were
obtained
using
WTEMP
code
(Web-based
ThermoEconomic Modular Program), developed by the
TPG (Thermochemical Power Group) of DiMSET

(Dipartimento di Macchine, Sistemi Energetici e Trasporti)
of the University of Genoa, Italy (Traverso et al., 2004).
2. Thermodynamic Analysis
2.1 Plant Layouts
In this paper different plant layouts are considered, in
order to explore the behaviour of a traditional coal-burning
station when integrated with a hydrogen production plant.
The reference thermoelectric power plant (referred below as
REF) is the 660 MWe ENEL coal-fired plant at Brindisi,
which is able to achieve 41.2% net efficiency. The
operating data for this plant has been provided directly by
ENEL, one of the main Italian power utilities. The plants
considered in this paper are identified by the following
letters:
•

•

•

The first letter identifies the processes in the syngas
production section: the Pyrolysis process (P) and
Gasification process (G).
The second letter identifies the fuel used in the syngas
production section: Coal (C) and Biomass mixed with
coal (B) (25% Biomass / 75% Coal by weight).
The third letter identifies the technology used for
hydrogen separation: Pressure Swing Adsorption unit
(P) or dense Membrane unit (M).

Table 1 shows properties of various types of coal and
biomass. Biomass composition reported is calculated from
four average biomasses (poplar, mischantus, wood
residuals, husks). Figure 1 shows the plant configuration for
an atmospheric pyrolysis system integrated with the steam
power plant. The reference system for syngas production
section is the 800 kWth ENEL pyrolysis plant placed at
Bastardo (near Perugia, Italy). A detailed model of the plant
was created using system data provided by (ENEL, 2007).
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This paper presents a research project carried out by TPG (Thermochemical Power Group) of University
of Genoa to develop innovative monitoring and diagnostics procedures and software tools for softwareaided maintenance and customer support. This work is concerned with preliminary outcomes regarding
the thermoeconomic monitoring of the bottoming cycle of a combined cycle power plant, using real
historical data. The software is able to calculate functional exergy ﬂows (y), their related costs (c) (using
the plant functional diagram); after that non dimensional parameters for the characteristic exergonomic
indexes (Dc, Dc*, Dk*) are determined.
Through a plant optimization (not described here) the reference conditions of the plant at each
operating condition can be determined. Then, non dimensional indexes related to each thermoeconomic
parameter are deﬁned, in order to depict a ‘‘cost degradation’’, and thus a signiﬁcant rise in the
production cost of the main products of the bottoming cycle (steam and power).
The methodology developed has been successfully applied to historical logged data of an existing
400 MW power plant, showing the capabilities in estimating the ‘‘cost degradation’’ of the elements of
the BC over the plant life, and trends in the thermoeconomic indexes.
Ó 2009 Elsevier Ltd. All rights reserved.
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1. Introduction
Combined cycle power plant performance analysis is very
important because of the large diffusion all over the world and the
leading role in electric power production of this type of plant.
A complete performance analysis is essential both for the power
plant constructor and for the user.
In a plant monitoring system which can evaluate performance
and efﬁciencies of each component, a thermoeconomic monitoring
software is suggested as it could become a fundamental decisionsupport tool in the plant management.
The thermoeconomic approach to plant performance monitoring is a philosophy that started in the early 1980s. Many authors
have faced the problem of thermoeconomic analysis of power
plants, such as Frangopoulos [1], Von Spakovsky [2], Valero et al.
[3,4], Verda et al. [5].
As reported in Ref. [6], the monitoring activity consists in
continuously evaluating the productivity capacity and the efﬁciency of the plant, using the data stream from plant instrumentation. The performance evaluation is repeated at regular intervals

* Corresponding author. Tel.: þ39 010 353 2463; fax: þ39 010 353 2566.
E-mail address: silvio.cafaro@unige.it (S. Cafaro).

with the object of calculating the degradation of different elements
of the plant. Degradation is deﬁned as a worsening of performance
and can be caused, depending on the plant component, by various
phenomena: from compressor fouling to turbine blade oxidation or
corrosion, heat exchanger fouling, and so on [7]. A detailed diagnostic thermoeconomic analysis can bring about important
improvements in power plant management, such as:
 instant information about the operation of the plant, through
the calculation of efﬁciency and degradation indexes;
 troubleshooting: fast identiﬁcation of the malfunctioning
component and the possibility of reducing maintenance shutdowns of the plant, using targeted interventions;
 performance improvement;
 better management of maintenance (predictive maintenance);
 optimization of plant operation.

2. Reference combined cycle power plant
The type of power plant, whose BC is the subject of this study, is
a combined cycle producing around 400 MW, consisting of a gas
turbine, a three level HRSG (constituted by 13 heat exchangers,
including the reheater), a steam turbine with three pressure
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Micro Gas Turbine Recuperator:
Steady-State and Transient
Experimental Investigation
The aim of this work is the experimental analysis of a primary-surface recuperator,
operating in a 100 kW micro gas turbine, as in a standard recuperated cycle. These tests,
performed in both steady-state and transient conditions, have been carried out using the
micro gas turbine test rig, developed by the Thermochemical Power Group at the University of Genova, Italy. Even if this facility has mainly been designed for hybrid system
emulations, it is possible to exploit the plant for component tests, such as experimental
studies on recuperators. The valves installed in the rig make it possible to operate the
plant in the standard recuperated configuration, and the facility has been equipped with
new probes essential for this kind of tests. A wide-ranging analysis of the recuperator
performance has been carried out with the machine, operating in stand-alone configuration, or connected to the electrical grid, to test different control strategy influences.
Particular attention has been given to tests performed at different electrical load values
and with different mass flow rates through the recuperator ducts. The final section of this
paper reports the transient analysis carried out on this recuperator. The attention is
mainly focused on thermal transient performance of the component, showing the effects
of both temperature and flow steps. 关DOI: 10.1115/1.3156822兴
Keywords: micro gas turbine, recuperator, effectiveness

1

Introduction

Since the late 1990s, microturbines have been proved to be
particularly attractive for the power generation market, especially
in the perspective of a widespread development of the distributed
generation approach 关1兴. The main advantages that make microturbines preferable to Diesel engines are:
•
•
•
•
•
•

smaller size and weight
fuel flexibility
lower emissions
lower noise
vibration-free operation
reduced maintenance

Furthermore, this kind of machine is promising for cogenerative applications 关1兴, and is essential for the development of innovative cycles, such as hybrid systems 关2兴, humid cycles 关3,4兴, or
externally fired cycles 关5,6兴.
Since microturbine technology needs to reach electrical efficiency values of at least 30% 关7兴 or higher to penetrate the power
market, the use of a recuperated cycle is mandatory. For this reason, heat recovery exchangers today, not widely used in large
power plants for their earlier bulky size, poor reliability, and high
cost, are designed and developed with more interest.
The new compact heat recovery exchangers for microturbine
applications called primary surface recuperators, began to appear
in the late 1970s in Germany 关8兴, where a new compact metallic
recuperator module was built with the potential for continuous
automated process manufacturing 关8兴. Based on this earlier work,
heat exchanger specialists have studied and designed different recuperator concepts 关9兴 with the aim to:
Contributed by the International Gas Turbine Institute of ASME for publication in
the JOURNAL OF ENGINEERING FOR GAS TURBINES AND POWER. Manuscript received
March 19, 2009; final manuscript received March 24, 2009; published online
November 5, 2009. Review conducted by Dilip R. Ballal. Paper presented at the
ASME Gas Turbine Technical Congress and Exposition, Orlando, FL, June 8–12,
2009.

•
•
•
•
•
•

increase recuperator performance 关10兴
reduce the number of parts
use low-cost manufacture processes
increase recuperator flexibility
achieve a better machine/recuperator integration level
develop new materials 共i.e., for superalloy or ceramic recuperators 关11兴兲

The primary-surface recuperators are produced in different geometries, depending on the applications and space availability
关10兴. While several thousand recuperators are built with an annular core geometry of 30 kW and 60 kW microturbines, a platular
or cube shaped core is chosen, where there is no close coupling
between the rotating machinery and the recuperator 共e.g., for a
100 kW unit兲. Today, a new geometry called spirally wrapped is
being developed in Belgium, and is showing good performance,
especially with laser-welded seal technology development 关12兴.
There are several recuperators, available today on the market,
tested and produced for different microturbine manufacturers. For
instance, Caterpillar and Solar Turbines, USA, produced significant quantities of compact primary-surface recuperators in both
platular and annular form 关13兴. They have shown good performance, reliability, and structural integrity.
Even if several works have been published on micro gas turbine
recuperators, focusing the attention on theoretical performance
curves 关10,14兴 or on technology development 关8–10,12,15,16兴, the
published experimental wide campaigns are poor, probably for
company data protection reasons. Also, when the aim of the work
is the presentation of experimental tests 共e.g., in Ref. 关17兴兲, the
results show only few steady-state operative points, close to design conditions. For this reason, at the University of Genova, the
micro gas turbine test rig 关18兴 developed by TPG has been exploited for an extensive experimental analysis on recuperator performance. This is a primary-surface 共cube geometry兲 recuperator
located inside the power case of the Turbec T100 machine 关19兴.
So, the recuperator has been tested not in a heat exchanger test rig,
but in a real operative configuration, working in a commercial
recuperated 100 kWe machine.
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The Thermochemical Power Group of the University of Genoa,
Italy, has developed a new “Gas Turbine” laboratory to introduce
undergraduate students to the Gas Turbines and Innovative
Cycles course, and Ph.D.s to advanced experimental activities in
the same field. In the laboratory a general-purpose experimental
rig, based on a modified commercial 100 kW recuperated micro
gas turbine, was installed and fully instrumented. One of the main
objectives of the laboratory is to provide both students and researchers with several experimental possibilities to obtain data
related to the gas turbine steady-state, transient, and dynamic
performance, including the effect of interaction between the turbomachines (especially the compressor), and more complex innovative gas turbine cycle configurations, such as recuperated, humid air, and hybrid (with high temperature fuel cells). The facility
was partially funded by two Integrated Projects of the EU VI
Framework Program (Felicitas and LARGE-SOFC) and the Italian Government (PRIN project), and it was designed with a high
flexibility approach including: flow control management, cogenerative and trigenerative applications, downstream compressor
volume variation, grid-connected or stand-alone operations, recuperated or simple cycles, and room temperature control. The paper also shows, as an example of the possibilities offered by the
rig, experimental data obtained by both Master and Ph.D. students. The tests presented here are essential for understanding
commercial gas turbines and microturbine performance, control
strategy development, and theoretical model validation.
关DOI: 10.1115/1.3157099兴
Keywords: micro gas turbine, test rig, experimental lessons

1

Introduction

The development of an experimental laboratory based on a
large size gas turbine for educational activities is usually not feasible at the University level, due to the cost of rig components and
plant management. However, the recent microturbine 共mGT兲 techContributed by the International Gas Turbine Institute of ASME for publication in
the JOURNAL OF ENGINEERING FOR GAS TURBINES AND POWER. Manuscript received
March 20, 2009; final manuscript received May 20, 2009; published online
November 11, 2009. Review conducted by Dilip R. Ballal. Paper presented at the
ASME Gas Turbine Technical Congress and Exposition, Orlando, FL, Jun. 8–12,
2009.

nology 关1兴 allows wide-ranging experimental educational activities on gas turbine cycles, which considerably reduce cost.
Moreover, it is essential to provide both students and researchers with experimental tests on micro gas turbines because of their
recent integration in innovative cycles, such as hybrid systems 关2兴,
humid cycles 关3兴, and externally fired cycles 关4兴, which are still
under development. On the other hand, microturbines are a promising technology for distributed power generation and cogeneration. However, additional components generate new variables to
be monitored, new risky conditions to be avoided, and require
additional control devices and control systems 关5兴. This aspect is
particularly interesting in terms of Ph.D. education and research.
The test rig, developed by Thermochemical Power Group
共TPG兲 at the University of Genoa, is based on a commercial recuperated 100 kW micro gas turbine equipped with originaldesign external pipes for proper measurements and valves for flow
management. These pipes were also used to connect the machine
to a modular vessel located between the recuperator outlet 共cold
side兲 and the combustor inlet, designed by Ph.D. students 关6兴 to
emulate the dimensions of innovative cycle components 共such as
fuel cells 关2,6,7兴, externally fired gas turbines 关4兴, and saturators
关3兴兲.
The main capabilities of this test rig involve steady-state and
transient experimental tests to be carried out by students or researchers on the following mGT plant configurations:
•
•
•
•

simple cycle
recuperated and partly recuperated cycle
both simple and recuperated cycles coupled with a modular
vessel for the emulation of additional component volume
cogenerative systems

Moreover, on all these plant layouts it is possible to test the influence of the following properties, especially in transient conditions:
•
•
•
•
•

ambient temperature
volume size 共downstream of the compressor兲
valve fractional opening values
bleed mass flow rates
grid connection or stand-alone systems

This paper shows some examples of tests carried out with the
rig 共using different plant layouts and operative conditions兲, during
undergraduate course lessons 关8兴 or by Ph.D. students.
The rig is widely used at the University of Genoa as a support
for the undergraduate course titled “Gas Turbines and Innovative
Cycles” 共mechanical engineers兲, and for the course “Thermal Machines” 共control engineers兲.

2

The Commercial Machine

The basic machine is a Turbec T100 PHS Series 3 关9兴 operating
in stand-alone configuration or connected to the electrical grid
with a suitable safety interconnection panel. It consists of a complete module for power production 共100 kW at nominal conditions兲, a heat exchanger located downstream of the recuperator
outlet 共hot side兲 for cogenerative applications, and two battery
packages for the start-up phase when the machine operates in
stand-alone configuration.
The power module includes a single shaft radial machine 共compressor and turbine兲 operating at a nominal rotational speed of
70,000 rpm 共␤ = 4.45兲 and a turbine inlet temperature 共TIT兲 of
950° C, that is, 1223.15 K, a natural gas fed combustor, a primarysurface recuperator directly attached to the turbine outlet, a water
cooled high speed generator, a power electronic unit 共rectifier,
converter, filters, and main circuit breaker兲, an automatic control
system interfaced with the machine control panel, and the auxiliaries. The machine control system operates at constant rotational
speed in stand-alone mode, whereas in the grid-connected mode,
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The University of Genoa (TPG) has designed and developed an innovative test rig for
high temperature fuel cell hybrid system physical emulation. It is based on the coupling
of a modified commercial 100 kW recuperated micro gas turbine to a special modular
volume designed for the experimental analysis of the interaction between different dimension fuel cell stacks and turbomachines. This new experimental approach that generates
reliable results as a complete test rig also allows investigation of high risk situations with
more flexibility without serious and expensive consequences to the equipment and at a
very low cost compared with real hybrid configurations. The rig, developed with the
support of the European Integrated Project “FELICITAS,” is under exploitation and
improvement in the framework of the new European Integrated Project “LARGE-SOFC”
started in January 2007. The layout of the system (connecting pipes, valves, and instrumentation) was carefully designed to minimize the pressure loss between compressor
outlet and turbine inlet to have the highest plant flexibility. Furthermore, the servocontrolled valves are useful for performing tests at different operative conditions (i.e., pressures, temperatures, and pressure losses), focusing the attention on surge and thermal
stress prevention. This work shows the preliminary data obtained with the machine connected to the volume for the test rig safe management to avoid surge or excessive stress,
especially during the critical operative phases (i.e., start-up and shutdown). Finally, the
attention is focused on the valve control system developed to emulate the start-up and
shutdown phases for high temperature fuel cell hybrid systems. It is necessary to manage
the flows in the connecting pipes, including an apt recuperator bypass, to perform a
gradual heating up and cooling down as requested during these phases. It is an essential
requirement to avoid thermal stress for the fuel cell stack. For this reason, during the
start-up, the volume is gradually heated by the compressor outlet flow followed by a well
managed recuperator outlet flow and vice versa for the shutdown. Furthermore, operating with a constant rotational speed control system, the machine load is used to reach
higher temperature values typical of these kinds of systems. 关DOI: 10.1115/1.3176663兴
Keywords: hybrid system, emulation test rig, start-up, shutdown

1

Introduction

Hybrid systems based on the coupling of high temperature fuel
cells with micro gas turbines 共mGTs兲 are considered promising
energy systems for the future, especially for stationary applications. Common high temperature fuel cell technologies, both molten carbonate fuel cell 共MCFC兲 关1–3兴 and solid oxide fuel cell
共SOFC兲 关4–6兴, can reach a very high efficiency level 共over 60% as
a midterm perspective兲 even in small size plants. Furthermore,
hybrid system emissions are ultra low 关7,8兴 and they produce
exhaust gases at a high temperature condition, useful for cogenerative applications 关9,10兴.
To develop hybrid systems for production and commercialization the attention is mainly focused on cost reduction at component level 共especially fuel cell and recuperator 共REC兲兲 and technological analysis for safe management reasons. The cost
reduction research regards component materials and plant configurations.
Furthermore, since hybrid systems are constituted of risky components, such as the stack, the recuperator, and the machine, wide
theoretical analyses are mandatory to better investigate the behavior of this kind of plant preventing malfunctions or damage during
the operative life.
While hybrid system steady-state 关9,11兴 and transient behaviors
关2,12,13兴 are currently under investigation with theoretical modManuscript received January 25, 2008; final manuscript received March 31, 2009;
published online January 5, 2010. Review conducted by Shripad T. Revankar. Paper
presented at the Second European Fuel Cell Technology and Applications Conference 共EFC2007兲, Rome, Italy, December 11–14, 2007.

eling activities, the experimental support is essential for the complete investigation of the operative phases for the model validation and to prevent risky conditions.
To avoid expensive rigs, it is possible to develop simplified
emulators able to generate the same effects of a real system. They
are experimental facilities designed to study various critical aspects of hybrid systems without the expensive fuel cell stack and
sometimes without turbomachines. This experimental approach
that generates reliable results as a complete test rig is essential to
investigate high risk situations 共i.e., the fuel cell heating and cooling during start-up and shutdown phases兲 with more flexibility
without serious and expensive consequences to the equipment and
at a very low cost compared with real hybrid configurations.
An important experimental study with emulators is under development at the U.S. DOE-NETL laboratories of Morgantown
共WV兲. It is a physical simulator of the SOFC hybrid system cathode side: turbomachine, recuperators, fuel cell “empty” volume,
and off-gas burner vessel 关14兴. Downstream of the cell volume the
plant is equipped with a combustor controlled by a fuel cell realtime model 关15兴. This is an essential solution to emulate the fuel
cell high thermal capacitance effect through this combustor.
While different emulators, in reduced scale, are currently running at the University of Genoa 共TPG兲 to study the SOFC anode
recirculation 关16兴 and the cathode side early start-up phase 关17兴 of
hybrid systems, a new physical simulator for high temperature
fuel cell hybrid systems was developed by the TPG. This is a new
test rig designed to study the coupling of a commercial machine
with an apt modular volume for the fuel cell dimension and thermal capacitance located between recuperator outlet and combus-
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This paper presents a research project carried out by TPG (Thermochemical Power Group) of University
of Genoa to develop innovative monitoring and diagnostics procedures and software tools for softwareaided maintenance and customer support. This work is concerned with preliminary outcomes regarding
the thermoeconomic monitoring of the bottoming cycle of a combined cycle power plant, using real
historical data. The software is able to calculate functional exergy ﬂows (y), their related costs (c) (using
the plant functional diagram); after that non dimensional parameters for the characteristic exergonomic
indexes (Dc, Dc*, Dk*) are determined.
Through a plant optimization (not described here) the reference conditions of the plant at each
operating condition can be determined. Then, non dimensional indexes related to each thermoeconomic
parameter are deﬁned, in order to depict a ‘‘cost degradation’’, and thus a signiﬁcant rise in the
production cost of the main products of the bottoming cycle (steam and power).
The methodology developed has been successfully applied to historical logged data of an existing
400 MW power plant, showing the capabilities in estimating the ‘‘cost degradation’’ of the elements of
the BC over the plant life, and trends in the thermoeconomic indexes.
Ó 2009 Elsevier Ltd. All rights reserved.
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1. Introduction
Combined cycle power plant performance analysis is very
important because of the large diffusion all over the world and the
leading role in electric power production of this type of plant.
A complete performance analysis is essential both for the power
plant constructor and for the user.
In a plant monitoring system which can evaluate performance
and efﬁciencies of each component, a thermoeconomic monitoring
software is suggested as it could become a fundamental decisionsupport tool in the plant management.
The thermoeconomic approach to plant performance monitoring is a philosophy that started in the early 1980s. Many authors
have faced the problem of thermoeconomic analysis of power
plants, such as Frangopoulos [1], Von Spakovsky [2], Valero et al.
[3,4], Verda et al. [5].
As reported in Ref. [6], the monitoring activity consists in
continuously evaluating the productivity capacity and the efﬁciency of the plant, using the data stream from plant instrumentation. The performance evaluation is repeated at regular intervals

* Corresponding author. Tel.: þ39 010 353 2463; fax: þ39 010 353 2566.
E-mail address: silvio.cafaro@unige.it (S. Cafaro).
0360-5442/$ – see front matter Ó 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.energy.2009.07.016

with the object of calculating the degradation of different elements
of the plant. Degradation is deﬁned as a worsening of performance
and can be caused, depending on the plant component, by various
phenomena: from compressor fouling to turbine blade oxidation or
corrosion, heat exchanger fouling, and so on [7]. A detailed diagnostic thermoeconomic analysis can bring about important
improvements in power plant management, such as:
 instant information about the operation of the plant, through
the calculation of efﬁciency and degradation indexes;
 troubleshooting: fast identiﬁcation of the malfunctioning
component and the possibility of reducing maintenance shutdowns of the plant, using targeted interventions;
 performance improvement;
 better management of maintenance (predictive maintenance);
 optimization of plant operation.

2. Reference combined cycle power plant
The type of power plant, whose BC is the subject of this study, is
a combined cycle producing around 400 MW, consisting of a gas
turbine, a three level HRSG (constituted by 13 heat exchangers,
including the reheater), a steam turbine with three pressure

Author's personal copy

Energy 35 (2010) 894–901

Contents lists available at ScienceDirect

Energy
journal homepage: www.elsevier.com/locate/energy

Humidiﬁcation tower for humid air gas turbine cycles: Experimental analysis
A. Traverso*
DIMSET (TPG), University of Genoa, Via Montallegro 1, 16145 Genoa, Italy

a r t i c l e i n f o

a b s t r a c t

Article history:
Received 9 November 2008
Accepted 13 July 2009
Available online 13 August 2009

In the HAT (humid air turbine) cycle, the humidiﬁcation of compressed air can be provided by a pressurised saturator (i.e. humidiﬁcation tower or saturation tower), this solution being known to offer
several attractive features. This work is focused on an experimental study of a pressurised humidiﬁcation
tower, with structured packing. After a description of the test rig employed to carry out the measuring
campaign, the results relating to the thermodynamic process are presented and discussed. The experimental campaign was carried out over 162 working points, covering a relatively wide range of possible
operating conditions.
It is shown that the saturator behaviour, in terms of air outlet humidity and temperature, is primarily
driven by, in decreasing order of relevance, the inlet water temperature, the inlet water over inlet dry air
mass ﬂow ratio and the inlet air temperature.
The exit relative humidity is consistently over 100%, which may be explained partially by measurement accuracy and droplet entrainment, and partially by the non-ideal behaviour of air–steam mixtures
close to saturation.
Experimental results have been successfully correlated using a set of new non-dimensional groups:
such a correlation is able to capture the air outlet temperature with a standard deviation s ¼ 2.8 K.
Ó 2009 Elsevier Ltd. All rights reserved.
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1. Introduction
Land-based simple-cycle gas turbines are well-known for their
compactness, ﬂexibility and rapidity of installation, despite the fact
that they are affected by relatively poor efﬁciencies due to the high
exhaust temperatures. The development of combined cycles solved
this problem, but these cycles require a bulky and expensive steam
plant, which makes them not directly suitable for distributed
power generation. On the other hand, mixed gas–steam cycles are
able to overcome these problems, showing good performance and
competitive costs also at sizes well below 50 MW: so far, the most
successful ‘‘mixed’’ plants on the market have been the Cheng cycle
[1] and GE STIG (General Electric STeam Injected Gas turbine) cycle
[2]. Nevertheless, there are several ways of introducing steam into
a mixed cycle between the compressor and the expander: the HAT
(humid air turbine) cycle is surely one of the best-known conﬁgurations [3], but new options are currently under development,
such as the VAST (Value Added Steam Technologies) cycle [4].
Regarding the HAT cycle, several University and Industry studies
from all over the world have shown its remarkable potential in
terms of performance and reduced cost of electricity for small and
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mid-size power generation plants: representative analyses from
the authors are reported in [5–8], while other recent theoretical
studies have been presented in [9,10]. The main advantage of the
HAT cycle is the saturator itself (i.e. humidiﬁcation tower or saturation tower), because it provides the possibility of having mass
and heat exchanges at low temperature and allows the evaporation
of water below boiling point, reducing the entropic losses and
giving wide ﬂexibility in humid air production. In addition, the
pressurised humidiﬁcation tower is comparatively cheap and easy
to build, which makes the HAT cycle promising. However, the
technology of pressurised saturators used in power generation is
still at an early stage of development.
From the experimental point of view, the HAT cycle or parts of it
(i.e. the saturation tower) have been demonstrated and tested in
only a few laboratories around the world.
Historically, the ﬁrst demonstration of the entire humid air cycle
was successfully performed by Lund University [11], supported by
its industrial partner Alstom Power Generation Ltd. They ran an
actual HAT cycle using the existing microturbine VT600, capable of
600 kW and 22% efﬁciency in simple cycle. The saturator was
constituted by a pressurised humidiﬁcation tower with structured
internal packing. Based on measurements on the pilot plant, it was
demonstrated that the HAT cycle could enhance efﬁciency by up to
35%, which is a remarkable increase even compared with the efﬁciency of the dry recuperated cycle conﬁguration, estimated at about
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High temperature fuel cells (MCFCs and SOFCs) can operate at atmospheric or pressurised conditions. In
both cases, system performance can be signiﬁcantly improved when the fuel cells are integrated with
proper devices, which are designed to provide the necessary air inlet conditions and to recover the
exhaust gas energy.
This paper presents a review of modelling and design issues for the integration of turbomachinery
with the fuel cell system, because turbomachinery is the most promising technology for coping with the
high temperature fuel cell requirements. Since the gas turbine expander performance is signiﬁcantly
inﬂuenced by exhausts compositions, analytical approach is undertaken for properly modelling
composition inﬂuence on expander performance, and results are presented to demonstrate the quantitative inﬂuence of the system parameters on the performance. The analysis covers the three main
aspects of performance evaluation: the on-design, the off-design and, as a ﬁnal mention, the control of
the fuel cell hybrid systems.
Ó 2009 Elsevier Ltd. All rights reserved.
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1. Introduction
Fuel cells are electrochemical reactors that allow an efﬁcient and
ecological conversion of energy. High efﬁciency close to 50% also at
part-load conditions, and low pollution, make fuel cells a very
interesting system for distributed power generation. In particular,
high temperature fuel cells such as Solid Oxide Fuel Cells (SOFC) are
analysed in this paper. The air management, the pressurisation and
the energy recovery from such fuel cells typically need the integration of the fuel cell stack with external devices, such as turbomachinery. The integration of existing or speciﬁcally designed
turbomachines into the hybrid system is expected to:
U recover energy from the fuel cell exhaust gases, since they are at
high temperature and, for pressurised stack, at high pressure;
U to pressurise the stack itself;
U to generate extra electrical power (up to 25% of the fuel cell
power) to increase the system performance from the point of
view of the efﬁciency, the speciﬁc power and the costs;
Several options can be investigated for supplying the fuel cell
system with the ﬂows at the proper conditions. The possibilities
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analysed in the present paper refer to electrically driven
compressors for anode (fuel) and cathode side (air), turbocharger,
simple cycle gas turbine, regenerated gas turbine (micro gas
turbine). Depending on the size, turbomachinery can be of either
axial or radial type. The present interest in sub-MW fuel cell
packages led the authors to mainly stress the radial type turbomachinery: Fig. 1 illustrates the conceptual layout of a radial
compressor and turbine mounted on single rotating shaft.
Notwithstanding, the conclusions and the results presented can be
well extended also to larger size plants employing axial turbomachinery. The following paragraphs present an overview on existing
radial turbomachinery and their typical applications: afterwards,
a detailed analysis of expander performance representation taken
into account the fuel cell exhaust composition is undertaken, this
being a relevant issue in predicting performance of fuel cell gas
turbine hybrid system.
1.1. Existing turbomachinery
Turbochargers are very commonly employed in both small and
large piston engines for enhancing their performance and emissions. Fig. 2 illustrates an example of a typical car engine turbocharger, with the fresh air compressor on the left, and the hot
exhausts expander on the right. Fig. 3 shows the conceptual layout
of turbocharger integration with an internal combustion engine,
where an intercooler might be applied between compressor
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a b s t r a c t
Fuel cells own the potential for signiﬁcant environmental improvements both in terms of air quality and
climate protection. Through the use of renewable primary energies, local pollutant and greenhouse gas
emissions can be signiﬁcantly minimized over the full life cycle of the electricity generation process,
so that marine industry accounts renewable energy as its future energy source. The aim of this paper
is to evaluate the use of methanol in Solid Oxide Fuel Cells (SOFC), as auxiliary power systems for commercial vessels, through Life Cycle Assessment (LCA). The LCA methodology allows the assessment of the
potential environmental impact along the whole life cycle of the process. The unit considered is a 20 kWel
fuel cell system. In a ﬁrst part of the study different fuel options have been compared (methanol, biomethanol, natural gas, hydrogen from cracking, electrolysis and reforming), then the operation of the cell
fed with methanol has been compared with the traditional auxiliary power system, i.e. a diesel engine.
The environmental beneﬁts of the use of fuel cells have been assessed considering different impact categories. The results of the analysis show that fuel production phase has a strong inﬂuence on the life cycle
impacts and highlight that feeding with bio-methanol represents a highly attractive solution from a life
cycle point of view. The comparison with the conventional auxiliary power system shows extremely
lower impacts for SOFCs.
Ó 2009 Elsevier Ltd. All rights reserved.

1. Introduction
Energy conversion processes nowadays have as a target the
minimization of their environmental impact, especially the release
of carbon dioxide and, more in general, of greenhouse gases [1]. Recent surveys show that maritime industry highly credits the demand of clean energy for marine shipping [2].
Fuel cells show great potential for use on-board ship, in order to
provide propulsion or auxiliary power. The ﬂexibility of fuel cell
systems encompasses a wide range of fuel sources, conversion
technologies and fuel processing, given that several options for
hydrogen production and utilisation entail different technological
‘green’ paths [3].
Green fuels are said to be clean and may contribute signiﬁcantly
to sustainable energy conversion systems as they save a reasonable
amount of fossil resources and have almost no impact on the
greenhouse effect due to their CO2 neutrality. With having a close
look on the whole life cycles, biofuels can also cause negative impacts on the environment, caused for example by the agricultural
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production of the raw materials [4]. Nevertheless, if properly
grown and managed, biomass does not contribute to climate
change through emissions of CO2 to the atmosphere because it absorbs the same amount of carbon in growing as it releases when
consumed as fuel [5]. Switching from fossil fuels to renewable biomass can be accordingly a powerful way to reduce anthropogenic
CO2 emissions. For instance, methanol can be produced from biomass (bio-methanol) via gasiﬁcation and subsequent methanol
synthesis of the synthesis gas (syngas). Prior to the methanol synthesis, the syngas must generally undergo cleaning, shift reaction
and compression. The synthesis takes place over a catalyst at increased temperature and pressure; the gasiﬁcation can either be
atmospheric or pressurised [6].
Methanol, and bio-methanol consequently, are among the various possible fuels for Solid Oxide Fuel Cells (SOFC), very promising
technology for electrochemical power generation. Due to its high
operating temperature, the SOFC offers the prospect of a wide
range of applications, ﬂexibility of fuel choices and the possibility
of operation with a limited amount of internal reforming [7]. The
high efﬁciency of fuel cells is able to lead to a signiﬁcant reduction
of the fossil fuel consumption and greenhouse gas (GHG) emissions. Moreover, the electrochemical nature of the reaction and
the necessity to remove the impurities from the fuel (i.e. sulphur),
result in extremely low local emissions [8].
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Abstract
High temperature fuel cells (MCFCs and SOFCs) can operate at atmospheric or pressurized
conditions. In both cases, system performance can be significantly improved when the fuel cells
are integrated with proper devices, which are designed to provide the necessary air inlet conditions
and to recover the exhaust gas energy. This entry reports about modeling and design issues in
the integration of turbomachinery with the fuel cell system, since turbomachinery is the most
promising technology for coping with the high temperature fuel cell requirements. Analytical
approach for properly modeling composition influence on expander performance is outlined. The
analysis covers two main aspects of performance evaluation: the on-design and the off-design of
fuel cell hybrid systems.

NOMENCLATURE
Symbols are in alphabetical order. SI units of measurement
are indicated: the same units are used in the text, unless
specified otherwise

a
ATM-HS
c
cp
cv
D
HHV
k
Kp
LHV
ṁ
Ma
MCFC
N
p
P-HS
PID
Pow
R
Re
SOFC
T
TIT
TOT

sound
√ speed velocity
(= kRT forperfectgas)[m/sec]
atmospheric hybrid system
absolute velocity [m/sec]
specific heat at constant pressure [J/kg K]
specific heat at constant volume [J/kg K]
diameter [m]
high heating value [kJ/kg]
specific heat ratio (cp /cv )
surge margin
low heating value [kJ/kg]
mass flow rate (also indicated simply with
“m”) [kg/sec]
mach number (defined as c/a)
molten carbonate fuel cell
rotational speed [rpm]
pressure [Pa]
pressurized hybrid system
proportional integral derivative
power [W]
perfect gas constant [J/kg K]
Reynolds number (ρ·D·c/µ)
solid oxide fuel cell
temperature [K]
turbine inlet temperature [K]
turbine outlet temperature [K]

Greek symbols
β
χ
ε
η
ρ

pressure ratio—relative velocity angle [rad]
exponent in the second term of the mass flow
equation [χ = (k + 1)/(2(k − 1))]
expansion ratio
efficiency—isentropic efficiency
density [kg/m3 ]

Subscripts
amb
corr
crit
in
out
surge
0

ambient
corrected
critical
inlet
outlet
surge
total

INTRODUCTION
Fuel cells are electrochemical reactors that allow an efficient and ecological conversion of energy. High efficiency
close to 50% at part-load conditions, and low pollution,
make fuel cells a very interesting system for distributed
power generation. In particular, high temperature (around
900◦ C) fuel cells, such as solid oxide fuel cells (SOFCs), are
considered here. The air management, the pressurization,
and the energy recovery from such fuel cells typically
need the integration of the fuel cell stack with external
devices, such as turbomachinery. The integration of existing
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In the distributed power generation market, Solid Oxide Fuel Cell–Gas Turbine (SOFC–GT) hybrids are an
attractive option. Prototypes are being tested around the world with different types of fuel, but mainly
natural gas. In this publication, a study of SOFC–GT hybrids for operation with liquid fuels is presented.
Two liquid fuels were investigated, methanol and kerosene, in four layouts, taking into account different
fuel processing strategies. A 500 kW class hybrid system (HS) was analysed. Web-based ThermoEconomic Modular Program (WTEMP) software, developed by the Thermochemical Power Group of the
University of Genoa, was used for the thermodynamic and investment analysis. Performance was
calculated based on zero-dimensional component models. The economic assessment was performed
with a through-life cost analysis approach. The cost of the conventional components was calculated with
WTEMP cost equations. As a ﬁnal result, methanol-fuelled HSs are shown to stand out for both their
thermodynamic and economic performance.
Ó 2009 Elsevier Ltd. All rights reserved.
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1. Introduction
The need for clean energy and reduced greenhouse gas emissions is stimulating the exploration of alternatives for energy
production [1]. In the distributed power generation market, fuel
cell and gas turbine (GT) hybrids are an attractive option, with
systems from tens of kilowatts to several MW [2,3].
Fuel cells are electrochemical devices capable of producing
electrical power with high efﬁciencies (35–55% on an Lower
Heating Value (LHV) basis) and low pollutant emission. Among the
low temperature fuel cells (<100  C), the most common are ProtonExchange Membrane and Direct Methanol Fuel Cell. With regard to
high temperature fuel cells (>600  C), Solid Oxide Fuel Cells
(SOFCs) and Molten Carbonate Fuel Cells are the most widely
known technologies.
The key feature of SOFC technology is the solid electrolyte,
which, operating at high temperatures, does not require the
expensive precious metals nor the caustic chemicals used in other
technologies. Different types of SOFC have been patented and are
being developed by the manufacturers [4,5,6]. Most of the fuel
cells are based on planar geometries. The planar SOFC (PSOFC) is

Abbreviations: APU, Auxiliary Power Unit; ATR, Autothermal Reforming; BOP,
Balance of Plant; FGC, Flue Gas Condenser; FP, Fuel Processor; GT, Gas Turbine; HE,
Heat Exchanger; HS, Hybrid System; NG, Natural Gas; SG, Steam Generator; SOFC,
Solid Oxide Fuel Cell; SR, Steam Reformer; TPG, Thermochemical Power Group; WS,
Water System.
* Corresponding author. Tel.: þ39 010 353 2463; fax: þ39 010 353 2566.
E-mail address: marco.santin@unige.it (M. Santin).
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composed of planar layers of cathode, electrolyte and anode.
Dozens of this set are piled one on top of the other and separated
by ‘bipolar plates’ (or interconnects), which provide the connection in electrical series between the cells. Rolls-Royce is developing
the IP–SOFC, a planar conﬁguration characterized by fuel cell
strips, electrically connected in series, deposited over a ceramic
support. Other important SOFC technology was developed by
Siemens–Westinghouse [4], based on tubular geometry (TSOFC).
The Siemens tubular fuel cell has been tested for tens of thousands
of hours, but it is still too expensive for the power-generation
market.
When working with high temperature fuel cells, it is possible to
couple them to thermal cycles, most commonly to GTs. The
hybridization of SOFC is being developed by several companies
including Rolls-Royce, GE Energy, Siemens Westinghouse, and
Mitsubishi Heavy Industries.
Aimed at stationary applications, natural gas fuelled hybrid
systems (HSs) have shown interesting performance: high efﬁciency
(>60%) even at part load conditions, low emissions, and lower costs
(when compared to those of isolated SOFCs) [7,8].
Hydrocarbon fuels cannot be fed directly into SOFCs, because of
the risk of carbon deposition on the anodes, which would impede
the electrochemical reactions. Catalytic reactors are used to transform the fuels into a mixture rich in H2 and CO and the resulting
syngas is fed into the SOFC. The development of compact reformers
is mainly focused on three technologies: Water Steam Reforming
(WSR), Catalytic Partial Oxidation (CPOX) and AutoThermal
Reforming (ATR). In WSR, steam is reacted with the fuel to produce
hydrogen in an endothermic, slow, but highly efﬁcient process. The

69_TER_ott_traverso.qxd:46-48_TER_mar_profilo

4-10-2010

18:57

Pagina 69

tecnica
ottobre 2010
LA TERMOTECNICA

turbine a gas
di A. Traverso, F. Ghigliazza, S. Cocchi, S. Sigali

69

La combustione di idrogeno
ed il suo impatto sul raffreddamento
palare delle turbine a gas
Parte 1: modello e confronto sperimentale

Un’interessante opportunità per una dimostrazione della
tecnologia Hydrogen-fed Power Generation si presentò in
Veneto nel 2003. Negli stabilimenti petrolchimici dell’area
industriale di Marghera (Venezia) un’ingente quantità di
idrogeno è prodotta ad un costo accettabile come sottoprodotto di processi industriali ed è utilizzata soltanto per
la produzione di calore di processo. Lo stesso idrogeno potrebbe essere facilmente sostituito da gas naturale e reso
quindi disponibile per utilizzi a maggior rendimento.
In questo contesto, tramite l’iniziativa dell’Unione Industriali Veneti avente lo scopo di promuovere lo sviluppo e
l’applicazione delle tecnologie dell’idrogeno nel settore del
trasporto e della generazione di energia elettrica, un nuovo consorzio, chiamato Hydrogen Park, fu fondato nel
2003. Tale consorzio guida l’espansione del più grande
parco sperimentale italiano per la generazione ed utilizzo
di idrogeno. ENEL, che possiede centrali termoelettriche a
carbone a Fusina e Marghera, ha colto la possibilità di costruire il suo primo sito dimostrativo ad idrogeno in
quell’area ed è entrata a far parte del consorzio all’inizio
del 2004. Nell’aprile 2005 si costituì un nuovo consorzio
avente lo stesso nome ma di cui ENEL possiede la maggior
parte delle azioni (51%). Come prima parte del progetto,
ENEL decise di costruire una installazione dimostrativa ad
idrogeno di medie dimensioni per la produzione di energia elettrica nel sito della centrale a carbone di Fusina.

L’impianto dimostrativo
alimentato ad idrogeno
L’installazione consiste in una turbina alimentata ad idrogeno da circa 12 MWe integrata con la già esistente centrale di Fusina, che possa dimostrare efficienza di conversione ed emissioni allineate con lo stato dell’arte dei sistemi

Il presente lavoro è stato svolto nell’ambito del progetto di ricerca “Sviluppo di cicli zero-emission a combustione ad idrogeno”, che si propone lo sviluppo di un sistema di combustione per gas naturale ed idrogeno da applicarsi su una turbina a gas prototipica, derivata dal modello GE 10 a gas naturale commercializzato da GE Oil&Gas (ex Nuovo Pignone).
La prima parte si concentra sulla descrizione del modello e sul
confronto dei risultati con i dati sperimentali.
FIGURA 1
Area elementare
dAg,s e DSgdy
per lo scambio
termico. La
sezione 2 è la
sezione all’uscita
(destra)

alimentati a gas naturale. All’ interno di questo progetto il
Thermochemical Power Group (TPG) dell’Università di Genova, Dipartimento di Macchine Sistemi Energetici e Trasporti, contribuisce mediante il calcolo del raffreddamento
palare delle schiere di turbina in presenza di fluidi non convenzionali: con riguardo all’espansore della turbina a gas,

Ing. Alberto Traverso, ing. Francesco Ghigliazza, TPG-DIMSET, Università di Genova; ing. Stefano Cocchi GE Energy, Firenze; ing. Stefano Sigali, ENEL Produzione
SpA, Pisa. Questo lavoro è stato parzialmente finanziato dal contratto di ricerca MATT - Regione Veneto “Sviluppo di cicli zero emissioni a combustione ad idrogeno”.
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Modeling and Performance
Analysis of the Rolls-Royce Fuel
Cell Systems Limited: 1 MW
Plant
This paper is focused on the performance of the 1 MW plant designed and developed by
Rolls-Royce Fuel Cell Systems Limited. The system consists of a two stage turbogenerator coupled with pressure vessels containing the fuel cell stack, internal reformer, cathode
ejector, anode ejector, and off-gas burner. While the overall scheme is relatively simple,
due to the limited number of components, the interaction between the components is
complex and the system behavior is determined by many parameters. In particular, two
important subsystems such as the cathode and the anode recycle loops must be carefully
analyzed also considering their interaction with and influence on the turbogenerator
performance. The system performance model represents the whole, and each physical
component is modeled in detail as a subsystem. The component models have been validated or are under verification. The model provides all the operating parameters in each
characteristic point of the plant and a complete distribution of thermodynamics and
chemical parameters inside the solid oxide fuel cell (SOFC) stack and reformer. In order
to characterize the system behavior, its operating envelope has been calculated taking
into account the effect of ambient temperature and pressure, as described in the paper.
Given the complexity of the system, various constraints have to be considered in order to
obtain a safe operating condition not only for the system as a whole but also for each of
its parts. In particular each point calculated has to comply with several constraints such
as stack temperature distribution, maximum and minimum temperatures, and high and
low pressure spool maximum rotational speeds. The model developed and the results
presented in the paper provide important information for the definition of an appropriate
control strategy and a first step in the development of a robust and optimized control
system.
关DOI: 10.1115/1.4000600兴

Introduction

The integrated solid oxide fuel cell-gas turbine 共SOFC-GT兲 hybrid system layout considered in this work is the Rolls-Royce Fuel
Cell Systems Limited 共RRFCS兲 1 MW System layout; in particular, since the system is a modular one made up of four 250 kW
units called generator module 共GM兲, the actual system layout
studied is the one of a single GM reported in Fig. 1. Each GM is
a virtual stand-alone unit capable of operating on its own and
sharing a limited number of auxiliaries with the other GM part of
the 1 MW package. Each GM consists of a two stage turbogenerator coupled with pressure vessels containing subsystems called
tiers; tiers contain the fuel cell stack, internal reformer, cathode
ejector, anode ejector, and off-gas burner. Figure 1 shows the general cycle arrangement and the main components: while the overall scheme is relatively simple due to the limited number of components, the interaction between components is complex and the
system behavior is determined by many parameters.
Two important subsystems operate within this system
• the cathode 共air兲 recycle 共Fig. 2兲
• the anode 共fuel兲 recycle 共Fig. 3兲
The fresh air-flow from the system inlet is preheated by recycling a fraction of the cathode side exhaust. The resulting mixture,
Contributed by the International Gas Turbine Institute of ASME for publication in
the JOURNAL OF ENGINEERING FOR GAS TURBINES AND POWER. Manuscript received May
6, 2009; final manuscript received October 28, 2009; published online October 25,
2010. Editor: Dilip R. Ballal.

at ⬃850° C, feeds the stack. The recycle is driven by an ejector
where higher pressure primary air entrains hot secondary cathode
exhaust. The recycle ratio 共secondary mass flow/primary mass
flow兲, for a given ejector design, is a function of the pressure and
temperature of the primary flow, the temperature of the secondary
flow, and the pressure loss to be overcome in the recycle loop.
Pressure losses are functions of the mass flows, temperatures and
compositions of the various streams along the loop.
On the anode side, a fraction of the steam rich stack off-gas is
recycled into the incoming methane based fuel to preheat the fuel
and to recycle enough steam for the methane reforming reaction
and moreover to disadvantage carbon deposition; this event
should be avoided since carbon greatly reduces catalyst activity
hence its deposition on active sites in both reformer and stack
would be detrimental for system performance and safe operation.
The methane/steam mixture is then converted in a reforming rector into a hydrogen rich mixture that is used as the anode side
reactant in the fuel cell. The recycle is driven also in this case by
an ejector where primary fuel entrains the steam rich secondary
fuel from stack outlet. Excess fuel discharged by the anode loop
feeds the off-gas burner where it burns with air in the cathode
recycle loop to help keep the stack in temperature.
The turbogenerator is, as mentioned above, a two stage machine where the low pressure 共LP兲 shaft is connected to an alternator while the high pressure 共HP兲 shaft is free rotating. Contrary
to standard two stage machines it is designed to operate in an
unbalanced way since high pressure turbine inlet is at system pressure, around 7 bars, while the high pressure compressor outlet,
i.e., cathodic ejector primary, is at a higher pressure due to the
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MGT/HTFC Hybrid System
Emulator Test Rig: Experimental
Investigation on the Anodic
Recirculation System
The Thermochemical Power Group (TPG) of the University of Genoa designed and
installed a complete hybrid system emulator test rig equipped with a 100 kW recuperated
micro gas turbine, a modular cathodic vessel located between recuperator outlet and
combustor inlet, and an anodic recirculation system based on the coupling of a single
stage ejector with an anodic vessel. The layout of the system was carefully designed,
considering the coupling between a planar SOFC stack and the 100 kW commercial
machine installed at TPG laboratory. A particular pressurized hybrid system was studied
to define the anodic side properties in terms of mass flow rates, pressures, and temperatures. In this work, this experimental facility is used to analyze the anodic ejector performance from fluid dynamic and thermal points of view. The attention is mainly focused
on the recirculation factor value in steady-state conditions. For this reason, a wide
experimental campaign was carried out to measure the behavior of this property in
different operative conditions with the objective to avoid carbon deposition in the anodic
circuit, in the reformer, and in the fuel cell stack. 关DOI: 10.1115/1.4002316兴
Keywords: anodes, cathodes, solid oxide fuel cells, turbines
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Introduction

Interest in high temperature fuel cell 共HTFC兲 hybrid systems
for stationary power generation is gradually increasing for several
factors, including efficiency and emission performances. Common
high temperature fuel cell technologies, both molten carbonate
fuel cell 共MCFC兲 关1–4兴 and solid oxide fuel cell 共SOFC兲 关5–9兴,
can reach a very high efficiency level 共over 60% as a midterm
perspective兲 even in small size plants. Furthermore, hybrid system
emissions are ultra low and they produce exhausted gases at a
high temperature condition useful for co-generative applications
关10兴.
Extensive development activities on such hybrid systems are
essential for large scale production and market penetration. The
attention is mainly focused on cost reduction at component level
共especially in fuel cell 关11兴 and recuperator 关12兴兲 and technological analysis for safe management and control issue reasons. Cost
reduction research regards both component materials and plant
configurations.
While in the past years 共and currently兲, many authors discussed
different hybrid cycles at full load, part load, and transient conditions 关13–16兴, several operative problems showed that theoretical
investigation activities on these systems carried out with different
simulation models are not enough. The experimental support is
mandatory for complete phenomenon understanding, model validations 关17兴, damage prevention, and prototype development activities.
An interesting solution to obtain reliable experimental data
avoiding expensive rigs is the development of emulator plants
able to generate similar effects of a real system. These experimental rigs are designed for the analysis of various critical aspects of
hybrid systems without expensive components 共e.g., the fuel cell
stack兲. This experimental approach is essential to investigate funContributed by the Advanced Energy Systems Division of ASME for publication
in the JOURNAL OF FUEL CELL SCIENCE AND TECHNOLOGY. Manuscript received March 2,
2010; final manuscript received June 18, 2010; published online November 30, 2010.
Assoc. Editor: Stefano Ubertini.

damental issues 关18兴 related to hybrid systems 共e.g., component
integration and control problems兲 with more flexibility and without serious and expensive consequences in case of failures.
A significant activity with this kind of emulators is carried out
at U.S. DOE-NETL laboratories of Morgantown 共WV, USA兲. The
emulator test rig layout was designed to study SOFC hybrid system cathode side: turbomachine, recuperators, fuel cell vessel
共without ceramic material兲, and off-gas burner vessel 关19兴. Another emulator test rig 关20兴 for hybrid system analysis is under
development at German Aerospace Center 共DLR兲, Institute of
Combustion Technology of Stuttgard 共Germany兲. Its general layout is similar to NETL one. Moreover, it is equipped with a water
cooling system to emulate, coupled with combustor operations,
the real stack exhaust gas composition 关20兴.
The experience of TPG on tests with emulators 关21,22兴 was
exploited to develop a complete physical emulator of cathode/
anode sides for high temperature fuel cell hybrid systems. It is
based on the coupling of a modified commercial 100 kW recuperated micro gas turbine with an apt modular vessel for the cathodic
side dimension 关23兴 and an anodic recirculation system 关24兴. The
facility was designed to emulate a hybrid system size of 450 kW
with a 380 kW SOFC stack 共the machine generates about 70 kW
electrical power in the vessel coupled configuration兲 关25兴. This
system was designed on the basis of the Rolls-Royce fuel cell
systems 共RRFCS兲 planar stack 关25,26兴.
After the presentation of the anodic recirculation design and
installation activities, in this paper attention is focused on steadystate experimental results obtained on the anodic side at different
machine operative conditions. For this reason, several tests were
carried out with the machine operating connected to the electrical
grid or in stand-alone condition. To show the test rig thermal
capabilities, several data related to the thermal anodic side performance are widely presented in this work. Furthermore, this paper
is devoted to the discussion related on ejector performance in
terms of recirculation factor, pressure rise, and outlet temperature.
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a b s t r a c t
This paper presents and discusses the results of a complete thermoeconomic analysis of an integrated
power plant for co-production of electricity and hydrogen via pyrolysis and gasiﬁcation processes fed
by various coals and mixture of coal and biomass, applied to an existing large steam power plant (ENEL
Brindisi power plant – 660 MWe). Two different technologies for the syngas production section are considered: pyrolysis process and direct pressurized gasiﬁcation. Moreover, the proximity of a hydrogen production and puriﬁcation plants to an existing steam power plant favors the inter-exchange of energy
streams, mainly in the form of hot water and steam, which reduces the costs of auxiliary equipment.
The high quality of the hydrogen would guarantee its usability for distributed generation and for public
transport. The results were obtained using WTEMP thermoeconomic software, developed by the Thermochemical Power Group of the University of Genoa, and this project has been carried out within the framework of the FISR National project ‘‘Integrated systems for hydrogen production and utilization in
distributed power generation’’.
Ó 2010 Elsevier Ltd. All rights reserved.

1. Introduction
The growing attention being paid to the environmental impact
of industrial civilization and increased sensitivity to global
warming are forcing to search for alternative solutions which can
signiﬁcantly reduce carbon dioxide emissions into the atmosphere
[1–3].
Nowadays the utilization of coal has strong attractions from an
economic point of view: coal is a widely available, low cost energy
source which greatly reduces our dependence on the oil-exporting
countries. On the other hand coal utilization is limited by environmental problems: the speciﬁc CO2 emission from the use of this
fuel is extremely high compared with that of natural gas. Moreover, the high concentration of sulphur forces us to adopt expensive plants for exhaust post-treatment in order to comply with
the limits on atmospheric emissions imposed by national and
international legislation.
Many thermodynamic and economic studies have been carried
out on polygeneration [4–6] including hydrogen production [7–9]
and on the production of energy from coal with low CO2 emissions,
using ‘‘pre-combustion capture’’ [10,11], ‘‘post-combustion capture’’ [12,13], and ‘‘oxy-fuel’’ [14,15] strategies.
In this context the aim of this project is to investigate the feasibility of a new concept regarding integrated systems for hydrogen
⇑ Corresponding author. Tel.: +39 010 3532463; fax: +39 010 3532566.
E-mail addresses: leandro.galanti@unige.it (L. Galanti), alessandro.franzoni@
unige.it (A. Franzoni), alberto.traverso@unige.it (A. Traverso), massardo@unige.it
(A.F. Massardo).
0306-2619/$ - see front matter Ó 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.apenergy.2010.11.033

and electricity co-production from coal and biomass. Therefore, the
main objective of this paper is to evaluate the economic impact of
integrating a hydrogen production system with a traditional existing steam power plant. The option of mixed biomass and coal fuel
is also considered because of the avoided CO2 emissions.
The results were obtained using Web-based ThermoEconomic
Modular Program (WTEMP) software [16], developed by the Thermochemical Power Group (TPG) of Dipartimento di Macchine,
Sistemi Energetici e Trasporti (DiMSET) of the University of Genoa,
Italy.
This work has been carried out in the framework of the National
FISR project ‘‘Integrated systems for hydrogen production and
exploitation in distributed power generation’’ [17]; in collaboration with ENEL-Produzione-Ricerca, Consorzio Pisa Ricerche,
RIELLO, CRS4, ENITECNOLOGIE, Università degli Studi di Napoli,
CNR – Istituto di Ricerche sulla Combustione di Napoli.
2. WTEMP software
The Web-based ThermoEconomic Modular Program (WTEMP)
software was developed by the Thermochemical Power Group
(TPG) of Dipartimento di Macchine, Sistemi Energetici e Trasporti
of the University of Genoa, Italy, in the last 20 years [16]. Recent
developments to WTEMP software [18] have addressed the following critical aspects, which are encountered in energy system
analysis:
 Determining the mathematical model that best represents the
system characteristics.
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a b s t r a c t
The aim of this study is the development and testing of a control system for solid oxide fuel cell hybrid
systems through dynamic simulations. Due to the complexity of these cycles, several parameters, such as
the turbine rotational speed, the temperatures within the fuel cell, the differential pressure between the
anodic and the cathodic side and the Steam-To-Carbon Ratio need to be monitored and kept within safe
limits. Furthermore, in stand-alone conditions the system response to load variations is required to meet
the global plant power demand at any time, supporting global load variations and avoiding dangerous
or unstable conditions. The plant component models and their integration were carried out in previous
studies. This paper focuses on the control strategy required for managing the net electrical power from
the system, avoiding malfunctions or damage. Once the control system was developed and tuned, its
performance was evaluated by simulating the transient behaviour of the whole hybrid cycle: the results
for several operating conditions are presented and discussed.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction
Hybrid fuel cell systems are considered a good candidate for
future power generation [1] because of their high efﬁciency and
ultra-low emissions. They can reach a very high efﬁciency level
[2–4] (over 60% – electrical efﬁciency on a natural gas LHV basis, in
a mid-term perspective), even in small size plants. Solid Oxide Fuel
Cell (SOFC) hybrid systems especially seem to be the right answer
for overcoming the main limitations of traditional power plants.
Besides the high efﬁciency energy conversion performed inside the
fuel cell stack (not restricted by Carnot efﬁciency), SOFC high temperature exhaust ﬂow is naturally considered a good heat source for
a gas turbine bottoming cycle [5]. Moreover, hybrid system technology produces exhaust gases at high temperature condition, useful
for co-generative applications [6–8].
In the last few years (and currently), many authors have discussed different SOFC hybrid cycles at full, part load, and transient
conditions [9–14]. While a study of SOFC hybrid systems at ondesign and off-design conditions is necessary for assessing cycle
performance and understanding safe operative limits of plants,
the transient analysis is mandatory for implementing the control
system and studying critical aspects over time. It is extremely useful for avoiding malfunctions or damage to key components of
the plant, especially during start-up/shutdown or during fast load

∗ Tel.: +39 0103532463; fax: +39 0103532566.
E-mail address: mario.ferrari@unige.it
0378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.jpowsour.2010.11.029

variations. In an SOFC hybrid system the main risk situations to
be avoided by control system performance are, for instance, (I)
excessive temperature in the fuel cell, (II) excessive pressure difference between the cathodic and the anodic sides, (III) too low
a Steam-To-Carbon Ratio (STCR) value in the reformer or on the
cell, (IV) excessive microturbine rotational speed, (V) an operating condition too close to compressor surge line (surge margin)
or (VI) excessive thermal stress in the heat exchanger and the
cell. All these constraints need to be coped with during both
load variations and start-up/shutdown procedures. In particular,
the main difﬁculty in implementing such a control system is due
to the great difference between the time-scales of the transient
phenomena [15]. For this reason, the combination of the high thermal capacitance of SOFC systems and the short-term response
of the turbine rotor requires a specially designed control strategy, able to protect the machine from overspeed or unstable
conditions.
Several studies [16–19] have been developed (or are under
development) on control systems for SOFC hybrid plants at both
academic and industrial level. In this paper a new control system,
able to support global load variations avoiding dangerous or unstable conditions, is presented by showing plant performance and
the most critical parameters. Although the control system development problem for this kind of hybrid systems has already been
investigated [16–19], it is important to emphasise that the control
strategy presented here is innovative because it allows the global
power demand to be met at any time, an important advantage if a
grid connection is not available.
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gated, taking into account efficiency, costs, and space requirements. The heat-recovery
possibilities taken into account are electricity production using an Organic Rankine Cycle
(ORC), steam/hot water production, air-conditioning obtained using an Absorption Chiller,
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1.

Introduction

Nowadays minimization of the environmental impact,
specially focused on the release of carbon dioxide and
greenhouse gases, is the target followed by the new energy
conversion systems [1]. The demand of clean energy for
marine shipping has grown, as shown by recent surveys [2].
Fuel cells show great potential for use on onboard ship [3].
However the research is principally focused on PEMFCs
(Proton Exchange Membranes Fuel Cells) [4] or on MCFCs
(Molten Carbonate Fuel Cells), few have been done for SOFCs
(Solid Oxide Fuel Cells), giving lacks of economics or technical
information.
This study tries to fill this gap and to improve SOFCs
utilization in onboard ships helped by heat-recovery options.
This paper concerns the study on heat-recovery for
a 250 kW SOFC fuelled by methanol onboard a ship.
The software WTEMP, developed by the TPG of the University of Genoa, was used for the analysis; models of bottoming

cycle, desalination unit, and absorption chiller were developed
for this work. This work has been developed in [5] within the
framework of the research project METHAPU [6].
Its objectives are -studying the conventional way of
producing electricity, conditioned air, steam and fresh water
in a commercial vessel, -simulating with WTEMP program the
250 kW Solid Oxide Fuel Cell system fuelled with methanol,
-finally assessing different solutions to use waste heat to
increase efficiency and reduce emissions and costs.

2.

Heat recovery onboard

Heat may have different uses onboard a ship and is recovered
from the exhaust gases and cooling systems of diesel engines.
The reference vessel uses two different engines: the main
engine, for propulsion, that uses Heavy Fuel Oil (HFO), and the
generating set (‘genset’), for electricity production in harbour,
fuelled with the Marine Diesel Oil (MDO).
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Compressor performance recovery system:
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Abstract: During normal operation, compressor is mainly affected by fouling due to air pollution,
which causes its performance to degrade over time. The main solutions to reduce compressor
fouling are off-line compressor washing, on-line compressor washing, and advanced air filtration
systems. Overall, the choice of the best recovery system for each gas turbine in the specific power
plant is not trivial. The aim of this study is to provide a guide to identify the best washing or filter
devices for a gas turbine (GT) in a specific power plant site, using literature information and GT
users data.
Two procedures were conceived in order to have an user-friendly tool. ‘Best cleaning device’
was developed to help a GT user in the choice of the best devices for recovering compressor
performance. Gathering information about GT performance and environmental conditions from
real applicatios and literatures, a value of recommendation for each technology is provided .
‘Best cleaning time’ is based on the thermoeconomics theory of ‘best maintenance time’ and it
provides the user an estimation about the best time to perform a compressor off-line or on-line
washing.
Both procedures have been proved on a few real cases, showing good results and indications
to more in-depth development.
Keywords: gas turbine, combined cycle, compressor fouling, compressor washing, air filter
systems, thermo-economics

1

INTRODUCTION

The increase in fuel cost and in electric power on the
energy market is pushing the owners of power plants
to look for more power output and reliability from
their assets. To define the performance trend during
normal operation, to assess health condition, and to
avoid failures of power plant components, gas turbine
plant operators need to monitor and record performance data of the engine over time. Thus, gas turbine
health monitoring has become an important topic of
research for many companies and research institutes.
An important role is played by gas turbine compressor,
∗ Corresponding

author: Thermochemical Power Group, Diparti-

mento di Macchine Sistemi Energetici e Trasporti, University of
Genova, via Montallegro 1, Genova 16145, Italy.
email: alberto.traverso@unige.it

which is the component most prone to degradation
because of the fouling due to air pollution. So far,
many efforts have been devoted to monitor compressor conditions in order to increase its reliability and
to improve maintenance schedule. The degradation of
the gas turbine compressor has a direct influence on
the gas turbine power plant efficiency and power [1].
The power consumption of the compressor of a heavy
duty gas turbine amounts to at least 50 per cent of the
turbine power [2], so a little reduction of compressor
efficiency is equivalent to a large reduction of electric
power generated.
Mainly, compressor degradation is due to the build
up on compressor blades, which changes characteristic geometric blade shape. As reported by Korakianitis
et al. [3], a pressure and velocity variation on the
rotor surface changes blade efficiency and performance; it changes the convection heat transfer rate
and, consequently, reduces compressor pressure ratio
Proc. IMechE Vol. 225 Part A: J. Power and Energy
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This work presents the re-engineering of the TRANSAT 1.0 code which was developed to perform offdesign and transient condition analysis of Saturators and Direct Contact Heat Exchangers. This model,
now available in the 2.0 release, was originally implemented in FORTRAN language, has been updated to
C language, fully coded into MATLAB/SimulinkÒ environment and validated using the extensive set of
data available from the MOSAT project, carried out by the Thermochemical Power Group of the
University of Genoa. The rig consists of a fully instrumented modular vertical saturator, which is
controlled and monitored with a LABVIEWÒ computer interface. The simulation software showed fair
stability in computation and in response to step variation of the main parameters driving the thermodynamic evolution of the air and water ﬂows. Overall the model proved to be reliable and accurate for
energy systems simulations.
Ó 2011 Elsevier Ltd. All rights reserved.
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1. Introduction
The diffusion of small gas turbines for distributed power
production led designers to study ways of increasing the efﬁciency
and speciﬁc work of the recuperated Brayton cycle without
increasing system complexity and related costs.
The Humid Air Turbine (HAT) technology [1] can greatly
enhance gas turbine performance in terms of increased efﬁciency
and speciﬁc work output. Compared to other mixed air/steam
cycles, the HAT conﬁguration introduces the “saturator” into the
plant layout: this device carries out a direct contact exchange of
heat and mass between two counter-ﬂowing currents of liquid
water and compressed air. In this framework a saturator for HAT
cycles proved to be a relatively simple component for integration
into a simple gas turbine [2e4].
A detailed and accurate modeling of the saturator is necessary
for the complete understanding of both the component behavior
and its integration into the whole gas turbine cycle. If the off-design
performance modeling is useful for assessing the part-load
performance of the plant, the transient analysis is very helpful for
studying the dynamic behavior of the plant and for developing
proper control systems [3] to follow the loads or to compensate for
different ambient conditions.
* Corresponding author. Tel.: þ39 0 103532463.
E-mail addresses: francesco.caratozzolo@unige.it (F. Caratozzolo), alberto.
traverso@unige.it (A. Traverso), massardo@unige.it (A.F. Massardo).
1359-4311/$ e see front matter Ó 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.applthermaleng.2011.07.022

The saturator on-design and off-design models have already
been presented by Parente et al. in [5] and a ﬁrst original transient
model, TRANSAT 1.0, has been developed Cevasco et al. in [6]. The
availability of new experimental data was the motivation for the
review of the model, as described in this paper. Release 2.0 of
TRANSAT model is now available not only for theoretical investigations but also for commercial design and analysis.
The TRANSAT 2.0 code has already been used for the design
and the characterization of a direct contact heat exchanger for
application in a zero emission power plant in the Veneto region
(Italy). The thermodynamic characterization of a direct contact
condenser for ENEL, the major Italian utility, in order to build
a H2-fed combined cycle, with water recovery from the exhaust,
was carried out experimentally and the TRANSAT 2.0 code was
used to verify the accuracy of experimental data and to accomplish detailed performance analysis. The direct contact heat
exchanger, derived from saturators technology, can be used as
a condenser [7] of the steam contained in the gas ﬂow at turbine
outlet.

2. TRansat 2.0 CODE overview
TRANSAT 1.0 was presented in [6].
The TRANSAT 2.0 code aims at transient and off-design analysis
of saturators, humidiﬁcation towers and direct contact heat
exchangers equipped with structured packing.
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a b s t r a c t
In this paper a thermoeconomic analysis and optimization of micro gas turbines (MGT) up to 500 kWe is
presented. This analysis is strongly related to the need of minimizing speciﬁc capital cost, still high for
MGT large market penetration, and optimizing MGT size to match market needs.
The analysis was carried out for both existing regenerative MGT cycles and new inter-cooled regenerative cycles, using the Web-based ThermoEconomic Modular Program by the University of Genoa. The
attention is mainly focused on the basis of thermodynamic, geometric and capital cost parameters of
the main MGT devices (such as recuperator size, material and effectiveness, turbine inlet temperature,
and compressor pressure ratio) and on economic scenario (fuel cost, cost of electricity, etc.) for different
MGT size in the range 25–500 kWe.
Ó 2011 Elsevier Ltd. All rights reserved.

1. Introduction
In the last ten years, several attempts to develop micro gas turbine (MGT) technology using regenerated cycle conﬁguration was
carried out, but problems related to capital costs are still present
for a large market penetration and for distributed generation and
smart grid development. As highlighted by Rodgers in [1], the
intercooled recuperative conﬁguration may improve thermal efﬁciency and speciﬁc power, but also increases system complexity.
For this reason this technology may be more easily justiﬁed on turbogenerators with larger power size. Therefore a complete thermoeconomic analysis is mandatory in order to tackle this aspect and
to identify the best direction for reducing capital and operational
costs, including the best MGT size when more complex cycles are
considered.
In this context the aim of this study is to investigate thermodynamic performances and costs (capital costs based on costs of each
main device such as recuperator, compressor, and expander) of
regenerated micro gas turbines already available on the market
to identify possible improvements and optimal thermoeconomic
conﬁgurations. Moreover, an intercooled-regenerated cycle was
considered.
Simple and innovative gas turbine cycles were been analyzed in
detail from thermodynamic point of view in a large number of publications [2–4], and were studied from both experimental and thermoeconomic point of view by the several authors in [5–7], where
detailed investigations were carried out to evaluate the best design

options for different cycles, not only from a thermodynamic (control
system included [3,8]), but also from a thermoeconomic perspective. In this study, therefore, this approach originally developed for
large size gas turbine based cycles was modiﬁed and extended to
micro gas turbine ﬁeld to identify the best design, cost and conﬁguration for these devices.
The WTEMP (Web-based ThermoEconomic Modular Program)
proprietary software developed over the last twenty years by the
TPG (Thermochemical Power Group) of the University of Genoa,
Italy [9], was used to carry out this investigation. WTEMP takes
into account and updates appropriate cost functions, that evaluate
individual component capital costs on the basis of the geometrical
and manufacturing variables (cost equation) or on the basis of performance and stream variables (costing equation). In particular for
micro gas turbine-based cycles the cost functions for combustion
chamber, compressor, expander, and recuperator were developed
based on already existing equations for large-size gas turbine cycles [5,10,11], but they were modiﬁed to take into account the
main MGT thermodynamic parameters, materials, and operational
constraints and including some interesting analysis on turbomachinery efﬁciencies behavior vs. MGT size. For the two different cycle conﬁgurations already mentioned, performance from the
purely thermodynamic point of view and from the thermoeconomic one are presented. The results are discussed in detail for different
MGT size in the range 25–500 kWe.

2. MGT systems under investigation
⇑ Corresponding author. Tel.: +39 010 3532463; fax: +39 010 3532566.
E-mail addresses: leandro.galanti@unige.it (L. Galanti), massardo@unige.it (A.F.
Massardo).
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Regenerated (R-MGT) and intercooled recuperative (ICR-MGT)
micro gas turbines are considered here as shown in Fig. 1. The ﬁrst
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a b s t r a c t
The aim of this work is the experimental analysis of steady-state and transient behavior of a primary surface recuperator installed in a 100 kW commercial microgas Turbine (mGT). The machine is integrated in
an innovative test rig for high temperature fuel cell hybrid system emulation. It was designed and
installed by the Thermochemical Power Group (TPG), at the University of Genoa, within the framework
of the Felicitas and LARGE-SOFC European Integrated Projects. The high ﬂexibility of the rig was exploited
to perform tests on the recuperator operating in the standard cycle. Attention is mainly focused on its
performance in transient conditions (start-up operations and load rejection tests). Start-up tests were
carried out in both electrical grid-connected and stand-alone conditions, operating with different control
strategies. Attention is focused on system response due to control strategy and on boundary temperature
variation because of its inﬂuence on component life consumption.
Ó 2011 Elsevier Ltd. All rights reserved.

1. Introduction
Early applications of gas turbine technology, developed since
the half of the last century, were based on thermodynamic cycles
without heat exchangers (open Brayton cycle). The recuperated
gas turbine variant, in spite of its potential for reducing speciﬁc
fuel consumption (SFC), did not seem attractive in a period of
low cost fuel. This was also related to problems connected with
the heat exchanger (bulky size, poor reliability and high cost) [1].
However, over the last two decades, the need to reduce SFC and
emissions (and the enhancement of heat exchanger technology)
signiﬁcantly has led the power generation market to seriously consider more complex thermodynamic cycles. Important plant layouts were developed including the use of exhaust heat-recovery
exchangers (e.g. micro gas turbine power systems). Some authors
also expect recuperator technology to be applied to aero engine
propulsion too in the longer term future [2].
Since the late 1990s, microturbines have been proved to be particularly attractive for the power generation market, especially in
the perspective of a widespread development of the distributed
generation approach [3,4]. Furthermore, this kind of machine is
promising for co-generative applications [3], and is essential for
the development of innovative cycles, such as hybrid systems [5],
humid cycles [6,7], and externally-ﬁred cycles [8,9].
⇑ Corresponding author. Tel.: +39 010 3532463; fax: +39 010 3532566.
E-mail addresses: mario.ferrari@unige.it (M.L. Ferrari), alessandro.sorce@unige.it
(A.
Sorce),
matteo.pascenti@unige.it
(M.
Pascenti),
massardo@unige.it
(A.F. Massardo).
0306-2619/$ - see front matter Ó 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.apenergy.2011.07.016

Since microturbine technology needs to reach electrical efﬁciency values of at least 30% [10] or higher (to penetrate the power
market), the use of a recuperated cycle is mandatory.
The new compact heat recovery exchangers for microturbine
applications, called primary surface recuperators, began to appear
in the late 1970s in Germany [11]. Then, heat exchanger specialists
studied and designed different recuperator concepts with the aim
of [1]:







Increasing recuperator performance [12];
reducing the number of parts;
using low-cost manufacturing processes;
increasing recuperator ﬂexibility;
achieving a better machine/recuperator integration level;
developing new recuperator geometries [13] and new materials
(i.e.: for superalloy or ceramic recuperators [12,14]).

There are several recuperators, available today on the market,
tested and produced for different microturbine manufacturers.
For instance, Caterpillar and Solar Turbines produced signiﬁcant
quantities of compact primary-surface recuperators in both platular (cube geometry) and annular form [15]. They showed good performance, reliability, and structural integrity.
Even if several works have been published on micro gas turbine
recuperators (focusing the attention on theoretical performance
curves [12,16], or on technology development [10–13,17]), the
published experimental wide campaigns are poor, probably for
company data protection reasons. Also when the aim of the work
is the presentation of experimental tests (e.g.: in [18–21]), the
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Since the model plays an important role in diagnosing solid oxide fuel cell (SOFC) system,
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grey-box approaches are introduced. The white-box model includes two types, i.e. physical
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model and equivalent circuit model based on EIS technique. The black-box model is based
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on artificial intelligence and its realisation relies mainly on experimental data. The greybox model is more flexible: it is a physical representation but with some parts being

Keywords:

modelled empirically. Validation of models is discussed and a hierarchical modelling
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approach involving all of three modelling methods is briefly mentioned, which gives an
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overview of the design for implementing a generic diagnostic tool on SOFC system.
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1.

Introduction

Fuel cell systems are considered as an alternative to
conventional fuel combustion power generation, thanks to
their lower emissions and higher efficiency. Amongst various
types of fuel cell, solid oxide fuel cell (SOFC) at high
temperature operation allows systems design that well uses
the fuel cell thermal output, which leads to higher system
efficiency than other fuel cell systems such as comparable
proton exchange membrane (PEM) fuel cell systems [1]. Due
to the importance of efficiency and the need to operate fuel

cells at altitude, the hybrid SOFC/gas turbine cycle is
a potentially attractive option for applications of auxiliary
power unit ofaircraft [1,2] and vehicle as well as for industrial
power supply, in stationary and even non-stationary electricity generation applications [3,4]. Besides, SOFCs possess
other advantages, i.e.
1. Due to its high temperature operating condition, internal
reforming (IR) can be realised;
2. Its insensitivity to gas contaminants enables utilisation of
unconventional fuels such as biomass or coal gas;
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Transient Model Validation
of a Desulfurizer and a Syngas
Generator for High Temperature
Fuel Cells
This paper presents the steady state and transient model of a natural gas fuel processing
system of a solid oxide fuel cell (SOFC) hybrid system, and its validation using data
obtained through the use of a real plant. The model was developed by the Thermochemical Power Group of the University of Genoa, Italy, using the in-house tool TRANSEO
working in the MATLAB/SIMULINK environment, whereas the real plant was designed and
built by Rolls-Royce Fuel Cell Systems Limited (RRFCS) to feed a 250 kWe SOFC hybrid
system with a methane stream undergoing requirements about composition, pressure, and
temperature. The paper presents in detail the fuel processing system and, with particular
emphasis, the selective catalytic sulphur oxidation (SCSO) and the catalytic partial oxidation (CPOx) subsystems. Thanks to the collaboration between the University and
RRFCS, in the model the real physical properties of the different materials and geometry
of the components have been carefully used. The transient model has been fully validated
against experimental data obtained from long duration tests, which included the warmup, part and full load operation, and cool-down phases of the external fuel processing
system. In the validation process both gas and wall temperatures have been taken into
account. The transient model has shown the ability to predict satisfactorily the plant
behavior both at steady-state and transient conditions. The validated model is now under
further development to be used for dynamic control system applications. [DOI: 10.1115/
1.4005122]
Keywords: external fuel processor, solid oxide fuel cell hybrid system, dynamic and transient analysis, heat transfer modeling, desulfurizer, partial oxidation.

1

Introduction

Fuel preprocessing is a fundamental step in any fuel cell system
fueled with hydrocarbons. Where natural gas is the primary fuel,
the process might include desulfurization and pre-reforming of
higher hydrocarbons [1]. In a solid oxide fuel cell (SOFC) system,
pre-reforming and reforming catalysts and fuel cell anodes cannot
tolerate the sulfur content of untreated natural gas, resulting for
the former in a strong activity and life reduction and for the latter
in a significant drop in voltage, even if reversible, depending on
temperature and exposure time. In the Rolls-Royce Fuel Cell Systems packaged power system, internal reforming is sustained by
recycling anode off-gas by an ejector [2,3]; higher hydrocarbons
(C2–C6) present in the natural gas have a decomposition temperature much lower than methane, so that feeding a higher
hydrocarbon-rich natural gas to the internal reformer passing
through a high temperature anode ejector may result in carbon
deposition in the ejector itself, which significantly compromises
its performance and life. Therefore, for a commercial system very
low sulfur and higher-hydrocarbons concentrations have to be
obtained upstream of the internal reformer and this is not straightforward because natural gas composition depends on the supply.
The external fuel processing system should satisfy some main
requirements in order to be able to support the SOFC system in all
the different operating conditions. First of all it is required to process both United States and United Kingdom natural gas, as they
have very different higher hydrocarbon concentrations and different organic sulfur compounds added as odorants.

Manuscript received January 24, 2011; final manuscript received August 20,
2011; published online December 19, 2011. Review conducted by Nigel M.
Sammes.

The main function of the external fuel processor is to supply
processed methane (methane-rich gas “free” of sulfur and higher
hydrocarbons) to the internal reformer during the normal load
conditions: Desulfurization and higher hydrocarbon prereforming processes are required. Moreover, during part-load
conditions the steam produced by the electrochemical reaction in
the fuel cells is not enough to perform methane internal
reforming. The external fuel processor should be able to supply a
completely reformed gas, similar to the synthesis gas (syngas),
starting from pipeline quality natural gas. The desulfurizer (see
Fig. 1) and the syngas generator (see Fig. 2) systems have been
considered throughout this work: The theory and the assumptions
underneath the two models will be discussed and their
value will be supported by an experimental validation. (See Table
1 for list of abbreviations and variables used throughout this
paper.)

2

Theoretical Approach

The main purpose of this work was to build transient models suitable for the development of the control system of the
actual Rolls-Royce Fuel Cell Systems Limited (RRFCS) fuel
processor. Specifically, they were thought of as predicting
tools for the development of control strategies and the tuning
of operating parameters (i.e., proportional-integral controllers
constants).
Both the models have been developed in the MATLAB/SIMULINK
environment. The real systems are represented through the use of
various modules, each one with different physical and chemical
properties. The TRANSEO library [4] on which this work is based
included almost all the necessary components (i.e., air and gas
supplies, mixers, splitters, heat exchangers, etc.), but a chemical
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From a thermo-economic point of view, the two main aspects of the study are the
optimal definition of the plant size and the whole system management. Both of them are
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strongly influenced by (i) spilled water energy variability related to its time-dependent

Large size H2 generation

distribution during the whole year, (ii) time-dependent electricity demand of Paraguay and

H2 storage systems

Brazil (the owners of the Itaipu plant) electrical grids, and (iii) the hydrogen demand profile.

Renewable sources
Thermo-economic analysis

The system analyzed here consists of a very large size hydrogen generation plant
(hundreds of MW) based on pressurised water electrolysers fed with the so called “spilled
water electricity”, the related H2 storage, and the H2 demand profile for Paraguay transport
sector utilization.
Since H2 plant optimal size is strongly correlated to optimal management and viceversa, in this paper two hierarchical levels have been considered hour by hour on
a complete year time period, in order to minimize capital and variable costs. This time
period analysis is necessary to properly take into account spilled energy variability to find
out H2 production system optimal size, optimal storage solution and best economical
results.
For the optimal storage size, two different solutions have been carefully investigated: (i)
classical long time H2 physical storage using pressurised tanks at 200 bar; (ii) hybrid one
using reduced size physical storage (one day time demand) where the energy to feed
electrolysers is taken from electrical grid when spilled water energy is not available
[Rivarolo M, Bogarin J, Magistri L, Massardo AF. Hydrogen generation with large size
renewable plants: the Itaipu 14 GW hydraulic plant case. In: 3rd international conference of
applied energy (ICAE), 16e18 May 2011, Perugia; 2011.]. For both the two solutions, timedependent results are presented and discussed with particular emphasis to economic
aspects, system size, capital costs and related investments. It is worthy to note that the
results reported here for this particular H2 large size plant case represent a general
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1.

Introduction

A possible remedy for rising pollution and carbon dioxide
emissions (with the resulting increased greenhouse effect)
may be to use hydrogen fuel cells to power vehicles and for
distributed energy cogeneration, thereby improving the
environment in which we live.
Hydrogen is not an energy source as commonly defined,
but an energy carrier, i.e. a means of transporting energy. It is
not only a potentially inexhaustible resource, but is also nonpolluting: when used in combustion systems, it outputs only
water vapour and traces of nitrogen oxides, while when used
in electrochemical generators (fuel cells) it produces only
water vapour.
Alongside these advantages, hydrogen has a few problems
which, together with the high production cost, have so far
hindered its application: it is explosive, highly flammable
and extremely volatile. Thanks to recent technological
advances, however, these problems can be overcome, and

new production, storage and transport technologies, once
mature, will make it competitive.
Hydrogen can readily be produced on an industrial scale
either from fossil energy sources, such as natural gas through
reforming and coal though gasification, or with electricity
through the electrolysis of water. The key factors in all these
processes are the cost of the energy input and the efficiency of
energy conversion. Hydrogen production from biomass gasification could offer the most efficiency pathway from renewable resources. There are also other ways of producing
hydrogen, such as bio-production by algae and bacteria, and
high-temperature direct splitting of water in solar thermal
plants.
The technology of hydrogen storage is one of the key
subjects in the context of a hydrogen economy considered as
a potential solution to the increasing demand for energy
alternative sources to today’s dwindling fossil fuel reserves.
Hydrogen can be stored in gaseous form (compressed gas), or in
liquid form (20 K), and also in solid media. The first two
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Abstract: One of the main challenges in the perspective of a hydrogen economy is the development
of a storage system both safe and with high weight capacity. Among the most promising systems
are the storage in metals and chemical hydrides and the high pressure storage in tanks made of
composite materials. Both these technologies allow volumetric densities equal or higher than that of
liquid hydrogen.
The present work deals with the results obtained in a Italian national project, whose objectives have
been the development of innovative technologies in specific applications: large scale energy
storage, stationary applications in distributed generation, and automotive (with a particular attention
to the fluvial and the sea transportation in protected areas).
The theoretical, modellistic and experimental activities have been oriented to the development of
innovative high capacity metal hydrides, the study of a regeneration method for chemical hydrides,
the integration of intermediate pressure electrolyzers with advanced compressors and, finally, the
development of thermomechanical models for executive design of storage systems. A number of
prototypes has been realised and installed in a test facility in the Fusina (Venezia) power plant. The
activity has been completed with an executive feasibility evaluation, in the perspective of industrial
applications.
Introduction
The technology related to the hydrogen storage is one of the main topics in the perspective of a
hydrogen economy, considered as a potential solution to the increasing demand for energy in
alternative to nowadays decreasing fossil fuel resources.
The storage systems safety and high capacity are the fundamental requirements for both the
automotive and industrial applications of hydrogen. Traditional storage techniques, such as high
pressure or liquid hydrogen tanks, can be replaced by different methods consisting in solid state
storage in metal and alloys [1-2], able to absorb a significant amount of hydrogen, forming
hydrides. Among these, attention has been addressed to hydrides that show interesting
absorption/desorption (a/d) properties: in particular some light elements, such as magnesium, and
some complex alloys (forming hydrides as alanates, borohydrides, amides) seem to be very
promising in storing hydrogen with high efficiency.
All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of the
publisher: Trans Tech Publications Ltd, Switzerland, www.ttp.net. (ID: 146.133.226.3-30/09/10,16:08:46)
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Preliminary Experimental
Results of Integrated
Gasification Fuel Cell Operation
Using Hardware Simulation
A newly developed integrated gasification fuel cell (IGFC) hybrid system concept has
been tested using the Hybrid Performance (Hyper) project hardware-based simulation facility at the U.S. Department of Energy, National Energy Technology Laboratory. The
cathode-loop hardware facility, previously connected to the real-time fuel cell model,
was integrated with a real-time model of a gasifier of solid (biomass and fossil) fuel. The
fuel cells are operated at the compressor delivery pressure, and they are fueled by an
updraft atmospheric gasifier, through the syngas conditioning train for tar removal and
syngas compression. The system was brought to steady state; then several perturbations
in open loop (variable speed) and closed loop (constant speed) were performed in order
to characterize the IGFC behavior. Coupled experiments and computations have shown
the feasibility of relatively fast control of the plant as well as a possible mitigation
strategy to reduce the thermal stress on the fuel cells as a consequence of load variation
and change in gasifier operating conditions. Results also provided an insight into the different features of variable versus constant speed operation of the gas turbine section.
[DOI: 10.1115/1.4005976]

Introduction
Hybrid fuel cell turbine power systems (FC/GT) represent an
opportunity to almost double the efficiency of standard pulverized
coal power generation technology and reduce harmful emissions
associated with power generation by 50% [1,2]. To reach this
level of efficiency, the complexities of the highly coupled FC/GT
cycle have been addressed and are currently being resolved at the
U.S. Department of Energy, National Energy Technology Laboratory (NETL) for all stages of operation, from startup to shutdown.
The Hybrid Performance (Hyper) project at NETL makes use of
hardware simulation of a 200 to 700 kW solid oxide fuel cell
(SOFC) system coupled to a 120 kW turbine [3]. This is accomplished through a hardware-in-the-loop simulation (HILS)
approach to study direct-fired, recuperated hybrid systems [4].
A diagram of the Hyper facility with corresponding numerical
components used in the present work is shown in Fig. 1. A direct
fired, recuperated cycle operating on coal/biomass syngas was
chosen for study based on its potential for high efficiency.
The major hardware components of the Hyper facility are
shown with the integrated fuel cell model in Fig. 2. The combination of the cathode air plenum (V-301), the post combustor mixing
plenum (V-304), and the system burner (V-302) are used to simulate the dynamic response of the fuel cell in the system hardware.
A distributed fuel cell model is used for the current study [5].

Experimental Facility
Hardware. The Hyper simulation facility uses a combination
of hardware and real time dynamic models to simulate a solid oxide fuel cell gas turbine hybrid system, as shown in Fig. 2. The
process has been described in detail elsewhere, and so the following description has been abbreviated [3–6].

Contributed by the International Gas Turbine Institute (IGTI) of ASME for publication in the JOURNAL OF ENGINEERING FOR GAS TURBINES AND POWER. Manuscript
received August 10, 2011; final manuscript received September 27, 2011; published
online May 24, 2012. Editor: Dilip R. Ballal.

Gas Turbine (C-100, T-101, G-102). A 120 kW Garrett Series
85 auxiliary power unit (APU) is used for the turbine and compressor system, and consists of single shaft, direct coupled turbine
(T-101) operating at a nominal 40,500 rpm, a two-stage radial
compressor (C-100) and gear driven synchronous (400 Hz) generator (G-102). The electrical generator is loaded by an isolated 120
kW resistor bank (E-105). The compressor is designed to deliver
approximately 2 kg/s at a pressure ratio of approximately four.
The compressor discharge temperature is typically 475 K for an
inlet temperature of 298 K. The combustor and original fuel system were removed, and the turbine is driven by heat provided by
the fuel cell simulator (V-302), upstream of the post combustor
(V-304).
Heat Exchangers (E-300 and E-305). The facility includes
two counterflow primary surface recuperators (E-300 and E-305)
in parallel with a nominal effectiveness of 89% to preheat the air
fed to V-301, which represents the fuel cell cathodic chamber and
oxidant manifolding volume [7].
Pressure Vessels (V-301 and V-304). Pressure vessels are
used to provide the representative fuel cell air manifold and cathode volume (V-301), and the post combustion volume (V-304) of
the fuel cell system.
Fuel Cell Simulator (V-302). The thermal characteristic of
the effluent exiting the post combustor of an SOFC system is
simulated in hardware using a natural gas burner with an aircooled diffusion flame.
Cold-Air Bypass (FV-170). The cold-air bypass valve is used
to bypass air from the compressor directly into the turbine inlet
through the post combustor volume.
Hot-Air Bypass (FV-380). The hot-air bypass valve is used to
bypass air from the recuperators exit directly into the turbine inlet
through the post combustor volume.
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a b s t r a c t
The aim of this work is the chemical composition emulation of solid oxide fuel cell (SOFC) outlet ﬂow,
with the hybrid system emulator rig developed by TPG at the University of Genoa. To emulate this chemical composition studying its effects on a commercial machine, the layout of the test rig facility (T100
machine coupled with a modular vessel) was re-designed and expanded. This plant was equipped with
a steam generator system to inject super-heated steam immediately upstream of the machine combustor.
Since it is not possible to re-generate the actual SOFC outlet composition with just steam injection (fuel
cell outlet ﬂow has higher percentage value of steam and CO2 than an expander inlet of a standard
machine), this new system is essential to operate the test rig at speciﬁc chemical composition similitude
condition. The objective of this new component is the developing of experimental data related to a commercial machine coupled with a fuel cell. In details, this paper deals with fuel cell outlet composition
effects on main gas turbine properties because it is essential to know machine behaviour when it operates inside a hybrid system (important aspect to prevent risks such as surge).
This new layout of the facility is essential to study the effect of steam rich mass ﬂow rate on machine
behaviour. For this reason, several tests at different operative conditions were carried out with the T100
machine operating in both electrical grid-connected and stand-alone modes.
Ó 2011 Elsevier Ltd. All rights reserved.

1. Introduction
The rising awareness for environmental pollution problems related to power plant emissions has increased interest in clean and
high efﬁciency technologies. In particular, since power plant industry is the major source of greenhouse gas emissions [1], this ﬁeld
needs to be carefully considered to achieve Kyoto Protocol targets
[2]. In this scenario, since high efﬁciency performance is mandatory in power generation, high temperature fuel cell hybrid systems are one of the most promising technologies for future [3].
This technology, based on the coupling of a solid oxide fuel cell
(SOFC) with a gas turbine (GT), can reach a very high efﬁciency level (over 60% – electrical efﬁciency on natural gas LHV basis – as a
mid-term perspective), even in small size plants, producing almost
negligible emissions [4]. Furthermore, hybrid system technology
produces exhaust gases at high temperature condition, useful for
co-generative applications [5]. For this reason, a waste heat module can be included to utilise this thermal energy for the generation
of low-grade steam, hot water, chilled water, hot air for drying or
other applications [5,6].
In spite of the amount of simulation theoretical works developed in the past years [7–10] (and currently still in progress
⇑ Corresponding author. Tel.: +39 0103532463; fax: +39 0103532566.
E-mail addresses: mario.ferrari@unige.it (M.L. Ferrari), matteo.pascenti@unige.it
(M. Pascenti), alberto.nicola.traverso@unige.it (A.N. Traverso), massardo@unige.it
(A.F. Massardo).
0306-2619/$ - see front matter Ó 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.apenergy.2011.11.029

[11,12]), only one hybrid power plant, built by Siemens-Westinghouse [3], operated showing interesting performance for market
penetration. In details, fuel cell hybrid systems are not ready for
wide commercialisation for: their too high component costs [13]
(i.e. the fuel cell) and not completely solved technological problems mainly related to the integration of fuel cell system with turbomachinery technology and to long times required for start-up
and shutdown phases [14].
For this reason, the theoretical investigation activities on these
innovative systems are not enough. The experimental support is
mandatory to solve the problems related to machine/fuel cell coupling and to develop reliable systems for commercial distribution.
However, since this fuel cell technology is expensive for test rig
activities, it is possible to develop simpliﬁed emulators able to generate similar effects of a real system. These are experimental facilities designed to study various critical aspects of hybrid systems
without the expensive fuel cell stacks and sometimes without
turbomachines [14,15].
An important experimental study with hybrid system emulators is running at US DOE-NETL laboratories of Morgantown
(WV-USA). This activity is based on a test rig designed to emulate
SOFC hybrid system cathode side [16]. It includes a recuperated
turbomachine, a fuel cell vessel (without ceramic material), an
off-gas burner vessel, and a combustor controlled by a fuel cell
real-time model [17]. Another hybrid system emulator facility is
under development at German Aerospace Center (DLR), Institute
of Combustion Technology, of Stuttgard (Germany) [18]. Its general
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a b s t r a c t
In this paper, the impact of not controllable renewable energy generators (wind turbines and solar photovoltaic panels) on the thermo-economic optimum performance of poly-generation smart grids is investigated using an original time dependent hierarchical approach.
The grid used for the analysis is the one installed at the University of Genoa for research activities. It is
based on different prime movers: (i) 100 kWe micro gas turbine, (ii) 20 kWe internal combustion engine
powered by gases to produce both electrical and thermal (hot water) energy and (iii) a 100 kWth adsorption chiller to produce cooling (cold water) energy. The grid includes thermal storage tanks to manage the
thermal demand load during the year. The plant under analysis is also equipped with two renewable noncontrollable generators: a small size wind turbine and photovoltaic solar panels.
The size and the management of the system studied in this work have been optimized, in order to minimize both capital and variable costs. A time-dependent thermo-economic hierarchical approach developed by the authors has been used, considering the time-dependent electrical, thermal and cooling load
demands during the year as problem constraints.
The results are presented and discussed in depth and show the strong interaction between fossil and
renewable resources, and the importance of an appropriate storage system to optimize the RES impact
taking into account the multiproduct character of the grid under investigation.
Ó 2012 Elsevier Ltd. All rights reserved.

1. Introduction
The development of poly-generation smart grids represents an
interesting solution to satisfy electricity and heat demand and
emission reduction [1,2]: poly-generation smart grids generate
electricity and heating and cooling thermal power close to end
users, solving the main disadvantages of the centralized generation
approach, due to energy transmission [3]. In fact, the distributed
generation approach has several beneﬁts over the others, such as
(i) reduction of transmission and distribution costs, which represent
about the 30% of the costs related to electricity supply; local connections do not present high capital costs and energy losses of long
distances distribution lines; (ii) decrease of energy dissipation:
piping and conversion devices dissipate almost 6% of produced
energy,[4] increasing costs and emissions; in a smart grid these
kinds of losses are avoided; (iii) increase of energy efﬁciency: the
simultaneous supply of electrical and thermal demand allows to
reduce energy waste, improving system global efﬁciency; since
thermal energy transport is more difﬁcult than electricity, distributed generation approach (production close to users) is essential;
⇑ Corresponding author.
E-mail address: massimo.rivarolo@unige.it (M. Rivarolo).
0196-8904/$ - see front matter Ó 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.enconman.2012.09.005

(iv) integration of renewable generators: traditional prime movers
could be easily integrated at local site with renewable generators
decreasing emissions [5].
The main goal of the present work is the optimization of a
poly-generation smart grid, focusing on the effect of renewable
generators and their correlation with the storage tank for hot thermal energy. To understand the inﬂuence of renewable generators
on the whole system, it is worth remembering that an optimal
poly-generation smart grid must assure the end users’ demands
(multi product systems) simultaneously (heating, cooling and electrical demand).
Increasing the size of renewable generators involves several
advantages such as low environmental impact and fossil fuel
consumption reduction; on the other hand, renewable generators
powered by solar and wind energy are intrinsically random over
time, thus their ‘‘unpredictable behaviour’’ could affect the
operating conditions of prime movers over time. Since prime
movers are co-generative, modifying operating conditions affects
both electrical and thermal production. Thus, by varying the
optimal size of renewable electrical generators, thermal storage
size and behaviour could be inﬂuenced too. Therefore, the most
important part of the analysis is represented by the integration
between prime movers constraints (continuous operation, high
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electricity”. The oxygen, also obtained in the electrolysis process, is employed for biomass
gasification to produce syngas: after purification treatments, the syngas is mixed with

Keywords:
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hydrogen in a chemical reactor to obtain bio-methane.
The whole process is optimized here using two different thermo-economic approaches:

Hydrogen production

(i) for the design point analysis of the chemical and thermodynamic significant parameters

Renewable energy sources

in electrolysis, gasification, syngas purification and methanation processes; (ii) for an
entire one-year time-dependent analysis in order to define the optimal plant size, since the
spilled energy and the electrical grid load vary widely throughout the day and the year. The
hydrogen generation plant is based on 1 MWe water electrolysers using the “spilled water
electricity”, when available; in the remaining periods, in order to assure a regular H2 production, the energy is taken from the electrical grid, but at a higher cost.
It is worth noting that the methane produced, named bio-methane, is totally “CO2 free”,
since it is produced from renewable sources only. Moreover, the optimization method
presented here has a general value, thus it can be easily applied to different sizes,
economic scenarios and plant locations.
Copyright ª 2013, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.

1.

Introduction

In the last years, hydrogen is becoming more and more
interesting as energy carrier [1,2], since it is a clean fuel with
zero CO2 emissions during its combustion [3]. An interesting
option for its generation is represented by water electrolysis,
in particular in developing countries where renewable sources

(i.e. water, solar) are largely available to generate electricity [4]
and electricity costs are low, compared to developed
countries.
In a previous work [5], a large H2 generation plant was
investigated and optimized throughout the year considering
the Itaipu hydraulic power plant (14 GW installed power),
located on the Paranà River between Brazil and Paraguay: it is
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a b s t r a c t
Cathode–anode interaction, mainly based on cathode versus anode volume inﬂuence, recirculation performance, and turbomachinery integration, is an important issue for pressurised SOFC hybrid systems,
and this aspect must be carefully considered to prevent fuel cell ceramic material failures through a reliable control system. Over the last 10 years, several theoretical analyses of this issue have been carried out
at the University of Genoa. These interaction studies have been analysed and an experimental approach
(for model validation, system development and prototype design activities) has been applied using emulator facilities or real plants. In particular, general hybrid system layouts based on the coupling of pressurized SOFC stacks of different geometries (planar, tubular, etc.) with a gas turbine bottoming cycle have
been investigated using the hybrid system emulator facility of the University of Genoa. The experimental
results are focused on the interaction between gas turbine and anodic circuit and on cathode–anode differential pressure behaviour for design, off-design and transient hybrid system operative conditions. The
information obtained in these tests is essential to understand the main features of the variables that drive
the phenomena and to design a suitable control system that can mitigate the differential pressure values
during all plant operating conditions.
Ó 2013 Elsevier Ltd. All rights reserved.

1. Introduction
The increase in demand for electrical energy [1], coupled with a
heightened awareness of environmental pollution problems [2] related to power system emissions, provides a strong incentive for
researchers to develop more efﬁcient plants for power generation.
In addition, since conventional fossil fuel generation activity is the
major source of greenhouse gas emissions [3], this ﬁeld of industry
certainly needs to improve to meet international targets [4]. In this
scenario, high temperature fuel cell hybrid systems are a possible
effective solution to environmental and efﬁciency issues [5–7].
This technology is based on the coupling of a fuel cell stack (able
to convert the chemical energy of fuel directly into electricity without the efﬁciency limitations typical of thermodynamic cycles)
⇑ Corresponding author.
E-mail addresses: mario.ferrari@unige.it (M.L. Ferrari), massardo@unige.it (A.F.
Massardo).
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with a conventional gas turbine. In addition to efﬁciency beneﬁts,
hybrid systems produce low pollutant [8] exhaust gases at temperature values useful for co-generative applications [8–10].
Two pressurised hybrid system general layouts (Fig. 1), based
on solid oxide fuel cell (SOFC) technology developed by Siemens
Westinghouse [5,11,12] and Rolls-Royce Fuel Cell Systems
[13,14], are considered in this paper. The fuel cell, usually located
between compressor and turbine (pressurised solution), is
equipped with an ejector based anodic recirculation and an offgas burner. Fuel is fed into the primary duct of an anodic ejector
[15] (see Fig. 2 for ejector nomenclature details). A reforming section may be present upstream of the anode inlet [11] or located
internally in the fuel cell [14]. In the ‘‘Layout A’’ a standard recuperator is included to pre-heat the air ﬂow upstream of the fuel cell
inlet exploiting turbine exhaust thermal energy [15]. This conﬁguration is an interesting and efﬁcient solution for an SOFC stack
equipped with an air pre-heating heat exchanger (or tube), such
as the tubular fuel cells developed by Siemens Westinghouse
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Ocean wave energy conversion:
Seaspoon orbital motion converter
Ocean waves power, around the coasts worldwide, has been estimated to be in the order of 8.000 - 80.000TWh/y. The conversion of this
resource into sustainable electrical power represents a major opportunity to nations endowed with such a kind of resource.
The Seaspoon device catches the kinetic energy of ocean waves with promising efficiency conversion performance, according to specific
“wave-motion climate”.
Conversione energetica del moto ondoso: il convertitore di moti orbitali Seaspoon
Lo sfruttamento del moto ondoso rappresenta un’opportunità per la produzione di energia da fonte rinnovabile.
Il convertitore di moti orbitali Seaspoon è un innovativo dispositivo per la conversione del moto ondoso che cattura l’energia cinetica dei moti turbolenti.
Per lo studio delle prestazioni del dispositivo è stato messo a punto un modello numerico basato sull’equilibrio dinamico delle forze ed è stata avviata
una campagna sperimentale su modello fisico in canale ondogeno.

INTRODUZIONE
This article focuses on wind-driven waves and their energy
exploitation.
The worldwide wave power resource potential is huge (Figure1).
The global power potential has been estimated to be around 8.000
- 80.000TWh/y (1-10TW). The best wave climates are found in the
temperate zones (30 - 60 degrees latitude), where strong storms
occur. However, attractive wave climates are also found within +30
degrees latitude the lower power levels being compensated by the
smaller wave power variability [1].

figurE 1- World’s Wave Energy Potential: annual average
power per front width [kW/m]

Wave Energy in mild climate seas
Wave energy refers to the kinetic energy and potential energy in waves
on ocean surface. According to linear waves theory and equation (1)
a wave energy flux is proportional to its period of motion T and to the
square of its height H, and it is one of the most stable energy resources [3].
(1)

When evaluating a potential site for wave energy project
development, dealing with the forces imposed by a dense fluid
like water makes extremely important the consideration of extreme
conditions occurring during storms and associated to the highest
energy flux entering a wave energy converter (WEC),: in fact, the
extreme wave heights may be under-predicted in some locations
due to certain limitations of forecast tools [4].
The properties of a WEC correspond with the climate of the sea. A
perfect technology for a sea around UK may not be successful in
a milder climate.
An important parameter at the beginning of a energy wave conversion
project is the wave energy development index (WEDI) value of the site,
obtained by dividing the average annual wave energy flux by the storm
wave energy flux (occurring in extreme storm conditions). A high WEDI
reflects a severe design penalty that has to be paid in terms of capital
cost for a wave power plant to harness the annual average wave energy
resource available at a particular site [5]. In fact, during the worst expected
storm, wave power plant structures and foundations (or moorings for a
floating device) must be able to absorb the storm wave energy which highly
exceeds the energy under routine operating conditions.
As highlighted by Hagerman [5], for example, the most promising stretch
of United States coastline for wave power development, from Newport,
Rhode Island, to Nantucket Shoals, has WEDI values ranging from 2 to
2.5, which means that a wave power plant in this coastal stretch would
have to survive storm wave energies that would be only 40 to 50 times
the annual average wave energy flux.
Hence, many future developers of wave energy projects may seek
out locations where the wave energy resource is moderate and fairly
steady throughout the year and where the extreme waves are relatively
benign [4], even though this will imply to address some efforts in
designing devices of smaller size choosing to exploit minor energy
fluxes and extended operational time. In fact, many wave energy
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Data Reconciliation for power systems monitoring: Application
to a microturbine-based test rig
A. Martini ⇑, A. Sorce, A. Traverso, A. Massardo
Università degli Studi di Genova, Thermochemical Power Group, Dipartimento di Macchine Sistemi Energetici e Trasporti, Via Montallegro 1, 16145 Genoa, Italy

h i g h l i g h t s
" Description of the microturbine-based test rig.
" Ideal application of Data Reconciliation.
" Experimental application of Data Reconciliation.
" The ﬁrst showed the real use of DR in reconciling values near the ‘‘expected’’ ones.
" The second one emphasized the power of DR combined with GED.
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a b s t r a c t
In this study the techniques of Data Reconciliation and Gross Error Detection have been applied to a microturbine-based test rig installed at the Thermochemical Power Group (TPG) laboratory of the University of
Genoa, Italy. These techniques have been developed in the ﬁeld of chemical engineering during the past
55 years with the purpose of reducing the effect of random errors and also eliminating systematic gross
errors in the data by exploiting the relationships that are known to exist between different variables of a
process (e.g. energy and mass balances). Two different applications of Data Reconciliation have been carried out: ﬁrst the entire test rig was studied, generating a set of measurements affected just by random
error; second, only the recuperator was taken into account using real measurements coming from a
steady state test performed on the plant. The purpose of the former is to show the capability of Data Reconciliation in the adjustment of the measurements so that they can respect the constraints (balance
equations). This application is somehow an ‘‘ideal application’’ of Data Reconciliation. Latter since gross
errors are often present in the measurements coming from a real plant, a ‘‘real or experimental application’’
of Data Reconciliation was considered for a subsystem of the plant in which the actual measurements
from plant probes were used. The objective was to understand if the measured values of temperature,
pressure and mass ﬂow rate at the inlet and outlet of the recuperator were physically compatible and
reliable. Measured value affected by gross error was identiﬁed, focusing on its effect over all the other
measurements during DR calculation.
Ó 2013 Elsevier Ltd. All rights reserved.

1. Introduction
In any modern energy plant, petrochemical process or reﬁnery,
hundreds or even thousands of variables, such as ﬂow rates, temperatures, pressures, levels, and compositions, are routinely measured and automatically recorded for the purpose of process
control, online optimization, or process economic evaluation. Modern computers and data acquisition systems facilitate the collection and processing of a great volume of data, often sampled
with a frequency of the order of minutes or even seconds. The
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use of computers not only allows data to be obtained at a greater
frequency, but has also resulted in the elimination of errors present
in manual recording. This in itself has greatly improved the accuracy and validity of process data. The increased amount of information, however, can be exploited for further improving the accuracy
and consistency of process data through a systematic data checking and treatment.
Process measurements are inevitably corrupted by errors during
the measurement, processing and transmission of the measured
signal. The total error in a measurement, which is the difference between the measured value and the true value of a variable, can be
conveniently represented as the sum of the contributions from
two types of errors: random errors and gross errors [1,2]. The term
random error implies that neither the magnitude nor the sign of
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Abstract
This work is based on the hybrid system emulator plant
developed by the Thermochemical Power Group (TPG) of
the University of Genoa. This rig is composed of a 100 kW
microturbine coupled with high temperature fuel cell emulation devices. A real-time model is used for components
not physically present in the laboratory (solid oxide fuel cell
(SOFC), reformer, anodic circuit, off-gas burner, cathode
blower). It is necessary to evaluate thermodynamic and electrochemical performance related to SOFC systems. Using an
User Datagram Protocol (UDP) based connection with the
control/acquisition software, it generates a hardware-in-theloop (HIL) facility for hybrid system emulation. Temperature, pressure, and mass flow rate at the recuperator outlet
and machine rotational speed are measured in the plant and

1 Introduction
Pressurized hybrid systems based on solid oxide fuel cell
(SOFC) technology are an interesting effective solution for
environmental issues. They can reach very high efficiency
level, even in small size plants, producing almost negligible
emissions [1, 2]. Even if this plant technology is an interesting
option for distributed and clean applications, pressurized
hybrid systems show still a quite difficult commercial implementation. Despite the problems that have to be solved, the
study of such systems is rewarded by great expectations.
Several publications were carried out on various hybrid
cycles in full-load, part-load, and transient conditions. Attention was also focused on control system development issues
[2–5] and on thermo-economic features [6].
The study of complete thermodynamic and electrochemical behavior [7, 8] of fuel cell pressurized hybrid systems can
be carried out without using expensive rigs, by developing
simplified emulators coupled with real-time models able to
generate real system effects [9]. This mixed experimental–theoretical approach, called hardware-in-the-loop (HIL), is
essential for investigating fundamental issues related to pres-

FUEL CELLS 13, 2013, No. 6, 1123–1130

used as inputs for the model. The turbine outlet temperature
(TOT) calculated by the model is fed into the machine control system and the turbine electric load is changed to match
the model TOT values (effective plant/model coupling to
avoid modifications on microturbine controller). Different
tests were carried out to analyze hybrid system technology
through the interaction between an experimental plant and a
real-time model. Double step and double ramp tests of current and fuel provided the system dynamic response.
Keywords: Controls, Dynamic Simulations, Experimental
Results, Fuel Cell System, Solid Oxide Fuel Cell, Theoretical
Model

surized hybrid systems (e.g., component integration and control problems) with more flexibility than in a real plant.
A HIL analysis with pressurized hybrid system emulators
[10, 11] is under development at DOE-NETL laboratories of
Morgantown (WV, USA). This activity consists of a physical
emulator test rig of the cathode side of an SOFC pressurized
hybrid system: turbo-machinery, recuperators, fuel cell vessel
(without ceramic material), and off-gas burner vessel. Downstream of the cell volume the plant is equipped with a combustor controlled by a real-time fuel cell model. Another emulator test rig for analysis of pressurized hybrid systems has been
developed at the German Aerospace Center (DLR) Institute of
Combustion Technology in Stuttgart (Germany) [12].
At the University of Genoa, the pressurized hybrid system
emulation facility presented in previous works [13–15] was
exploited to develop a complete HIL implementation. The
hardware (Turbec T100 gas-turbine, cathode vessel, anode
recirculation) was coupled to a real-time SOFC model. The
facility was designed to emulate a pressurized hybrid system

–
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Hydrogen and methane generation from large hydraulic plant:
Thermo-economic multi-level time-dependent optimization
M. Rivarolo ⇑, L. Magistri, A.F. Massardo
DIME, University of Genoa, SIIT Genoa, Italy

h i g h l i g h t s
 We investigate H2 and CH4 production from very large hydraulic plant (14 GW).
 We employ only ‘‘spilled energy’’, not used by hydraulic plant, for H2 production.
 We consider the integration with energy taken from the grid at different prices.
 We consider hydrogen conversion in chemical reactors to produce methane.
 We ﬁnd plants optimal size using a time-dependent thermo-economic approach.
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a b s t r a c t
This paper investigates hydrogen and methane generation from large hydraulic plant, using an original
multilevel thermo-economic optimization approach developed by the authors.
Hydrogen is produced by water electrolysis employing time-dependent hydraulic energy related to the
water which is not normally used by the plant, known as ‘‘spilled water electricity’’. Both the demand for
spilled energy and the electrical grid load vary widely by time of year, therefore a time-dependent hourby-hour one complete year analysis has been carried out, in order to deﬁne the optimal plant size. This
time period analysis is necessary to take into account spilled energy and electrical load proﬁles variability
during the year.
The hydrogen generation plant is based on 1 MWe water electrolysers fuelled with the ‘‘spilled water
electricity’’, when available; in the remaining periods, in order to assure a regular H2 production, the
energy is taken from the electrical grid, at higher cost. To perform the production plant size optimization,
two hierarchical levels have been considered over a one year time period, in order to minimize capital
and variable costs.
After the optimization of the hydrogen production plant size, a further analysis is carried out, with a
view to converting the produced H2 into methane in a chemical reactor, starting from H2 and CO2 which
is obtained with CCS plants and/or carried by ships. For this plant, the optimal electrolysers and chemical
reactors system size is deﬁned.
For both of the two solutions, thermo-economic optimization results are discussed and compared with
particular emphasis to energy scenario, economic aspects, system size, capital costs and related investments. It is worth noting that the results reported here for this particular large H2 plant case represents
a general methodology, since it can vary according to their different sizes, primary renewable energy,
plant location, and different H2 utilization.
Ó 2013 Elsevier Ltd. All rights reserved.

1. Introduction
Hydrogen is a clean fuel, emitting only water during combustion, and compared with methane and gasoline, it presents a very
good LHV in mass terms [1]. Hydrogen generation is an important
step in the development of the Hydrogen Society [2]. At the
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moment, its production cost by water electrolysis using renewable
sources is too high in developed countries to be easily employed,
mainly for large applications [3–6]. On the contrary, in developing
countries, where renewable sources (i.e. water) are largely
available to generate electricity, local electricity utilization may
be reduced by taking into account both distance and demand size
aspects. Thus, in this case, H2 generation may be a very good solution to store energy for different applications (i.e. transportation)
using electricity at increasingly low cost.
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a b s t r a c t
This paper summarizes key results of the analysis of different transport modes of hydro-methane, methanol, carbon dioxide and oxygen in Paraguay, Brazil and Argentina. Hydro-methane is produced in Paraguay and can be used to fuel natural gas vehicles, substituting gasoline and diesel which are at the
moment imported from foreign countries. Methanol, also produced in Paraguay, is delivered to Brazil,
which is one of the Countries with the highest demand in the region. Oxygen can be sold to Argentina
for medical and industrial use. Carbon dioxide is delivered throughout Paraguay. The aim of this study
is to determine the best transportation technology from an economic and strategic point of view, minimizing costs associated to products distribution. Several scenarios are investigated; each scenario is associated with different delivery modes. A model is developed to estimate both capital and variable costs for
different transportation technologies (pipeline, trucks, ships) in order to choose the lowest-cost delivery
mode for each product, depending on distances and ﬂow rates. Four different analysis are performed for
each scenario, varying the number of vehicles which must be fueled by hydro-methane and considering
its inﬂuence on the results. The methodology presented here has a general value, thus it can be easily
employed for the economic analysis of different fuels and distribution networks, also placed in different
scenarios.
Ó 2013 Elsevier Ltd. All rights reserved.

1. Introduction
Hydrogen has the potential to provide clean, secure and affordable services, acting as an energy carrier for a large range of applications [1]. However, several barriers still stand against widespread
utilization of this technology. H2 (hydrogen) still presents non-negligible management problems related to its transportation and ﬁnal
use, since fuel cells or H2-ICE cars do not seem economical for short
to mid-term applications [2]. An alternative is represented by hydro-methane production, mixing H2 produced by water electrolysis
with CO2 in a chemical reactor [3], according to Sabatier reaction
[4]:

4H2 þ CO2 $ CH4 þ 2H2 O

ð1Þ

Experimental tests carried out recently [4,5] have shown that
not all the reacting H2 and CO2 are converted into methane, therefore the gas obtained can be classiﬁed as hydro-methane. Hydromethane is a mixture of hydrogen and methane (H2 from 5% to
30% in volume terms) that can be transported through methane
infrastructures and employed in natural gas vehicles, as reported
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in [6]. The presence of hydrogen in the mixture allows for a more
complete combustion, increasing efﬁciency and reducing HC and
CO2: results reported in [6,7] show reductions of 15% in terms of
fuel input, 20% in terms of CO2 emissions and 17% in terms of HC
emissions for hydrogen-methane blends (with H2 content of 20%)
compared to Natural Gas vehicles. In this context, the mixture of
hydrogen and methane could be a transitional step in terms of
bringing hydrogen into transportation infrastructure [8].
For Paraguay this solution is very interesting for several reasons: the country has a large amount of electricity available for
H2 production, but no fossil fuel reserves, causing 100% of the latter
to be imported.
The possibility of producing electrolytic hydrogen from hydroelectricity generated in the 14 GW Itaipu plant has been investigated in several works [9–11], in [9] have been shown the great
potential of the energy wasted in ITAIPU dam that can be utilized
for electrolytic hydrogen production and the country can obtain
beneﬁts. In this study the production of hydro-methane is proposed as a means to increase the electricity usage in Paraguay,
where hydroelectricity achieves around 99.9% [12]; the maximum
demand veriﬁed in 2012 was 2.3 GW, and Itaipu’s electricity participation ranges between 70% and 80% [12]. Carbon dioxide
needed for Sabatier reaction is obtained from biomass oxygen
blown gasiﬁcation, employing O2 co-produced in electrolysers.
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a b s t r a c t
Optimization of power generation with smart grids is an important issue for extensive sustainable
development of distributed generation. Since an experimental approach is essential for implementing
validated optimization software, the TPG research team of the University of Genoa has installed a
laboratory facility for carrying out studies on polygeneration grids. The facility consists of two
co-generation prime movers based on conventional technology: a 100 kWe gas turbine (mGT) and a
20 kWe internal combustion engine (ICE). The rig high ﬂexibility allows the possibility of integration with
renewable-source based devices, such as biomass-fed boilers and solar panels.
Special attention was devoted to thermal distribution grid design. To ensure the possibility of application in medium-large districts, composed of several buildings including energy users, generators or both,
an innovative layout based on two ring pipes was examined. Thermal storage devices were also included
in order to have a complete hardware platform suitable for assessing the performance of different management tools.
The test presented in this paper was carried out with both the mGT and the ICE connected to this innovative thermal grid, while users were emulated by means of fan coolers controlled by inverters. During
this test the plant is controlled by a real-time model capable of calculating a machine performance ranking, which is necessary in order to split power demands between the prime movers (marginal cost
decrease objective). A complete optimization tool devised by TPG (ECoMP program) was also used in
order to obtain theoretical results considering the same machines and load values. The data obtained
with ECoMP were compared with the experimental results to obtain a broad validation of the optimization tool.
Ó 2013 Elsevier Ltd. All rights reserved.

1. Introduction
Distributed generation (DG) is expected to play an important
role in future energy markets [1–3]. It is a new generation approach with high potential for energy cost saving [4,5] and pollutant emission reduction [6]. In detail, extensive development of
this new paradigm is expected to signiﬁcantly decrease energy
losses due to electricity distribution and transformation [7] and
for an easy expansion of cogeneration [8–12]. Moreover, distributed generation makes it possible to combine conventional and advanced energy technology [5]. While microturbine [13,14] and
internal combustion engine [15] technology is also predicted to remain essential for DG because natural gas is a ‘‘clean’’ fuel, innovative generation systems (e.g. fuel cells [16], hybrid systems [17,18]
and stirling engines [19]) are expected to increase their penetra⇑ Corresponding author.
E-mail addresses: mario.ferrari@unige.it (M.L. Ferrari), alberto.traverso@unige.it
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tion of this new market because of the signiﬁcant beneﬁts due to
their high conversion efﬁciency [20]. In addition, distributed generation allows easy integration with renewable energy sources
[21–23], such as small hydroelectric plants, wind turbines [24], solar systems (both photovoltaic [25,26] and thermal), biomass
plants [8] and small geothermal systems [27]. A further important
aspect related to a wide development of polygeneration grids for
DG is the easy application of storage technology for both electrical
[28] and thermal [29–31] energy. In detail, storage systems are
able to improve energy management because they make it possible
to distribute demand avoiding generating energy in low efﬁciency
or high cost conditions. Moreover, they are essential for reducing
the oscillations associated with renewable sources [32] (e.g. sudden changes of power outputs from wind or solar systems).
Since the DG concept involves the development of new polygeneration grids equipped with several prime movers of different
types and/or technologies, optimal generation management is
associated with high complexity. For this reason, the distribution
of load demand between several generators (with different efﬁciency, cost, reliability and availability characteristics) has to be
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a b s t r a c t
A thermo-economic analysis regarding large scale hydro-methane and methanol production from renewable sources (biomass and renewable electricity) is performed.
The study is carried out investigating hydrogen and oxygen generation by water electrolysis, mainly
employing the hydraulic energy produced from the 14 GW Itaipu Binacional Plant, owned by Paraguay
and Brazil. Oxygen is employed in biomass gasiﬁcation to synthesize methanol; the signiﬁcant amount
of CO2 separated in the process is mixed with hydrogen produced by electrolysis in chemical reactors
to produce hydro-methane.
Hydro-methane is employed to supply natural gas vehicles in Paraguay, methanol is sold to Brazil, that
is the largest consumer in South America.
The analysis is performed employing time-dependent hydraulic energy related to the water that would
normally not be used by the plant, named ‘‘spilled energy’’, when available; in the remaining periods,
electricity is acquired at higher cost by the national grid.
For the different plant lay-outs, a thermo-economic analysis has been performed employing two different software, one for the design point and one for the time-dependent one entire year optimization, since
spilled energy is strongly variable throughout the year.
Optimal sizes for the generation plants have been determined, investigating the inﬂuence of electricity
cost, size and plant conﬁguration.
Ó 2013 Elsevier Ltd. All rights reserved.

1. Introduction
As a developing country, Paraguay faces many challenges
regarding the improvement of its energy systems. Although Paraguay has a very large hydroelectric capacity, energy demand is sustained mostly by imported hydrocarbons, especially in the
transport ﬁeld. Considering the low cost of electricity, compared
with developed countries, the production of fuels starting from
exceeding renewable energy may represent an interesting solution.
One of the main actors can be hydrogen, produced by water electrolysis employing the electricity of the largest renewable production plant in the world, the 14 GW hydroelectric facility of Itaipu
(owned 50% by Brazil and 50% by Paraguay, meaning that 7 GW
are property of Paraguay) [1].
Hydrogen is one of the most promising energy vectors in the
near future [2,3]. However, its low energy to volume ratio
(compared to gasoline and diesel) represents an obstacle towards
⇑ Corresponding author.
E-mail address: massimo.rivarolo@unige.it (M. Rivarolo).
0196-8904/$ - see front matter Ó 2013 Elsevier Ltd. All rights reserved.
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its large scale diffusion in the transportation sector. Other critical
aspects are related to its distribution (pipelines and road transportation) and ﬁnal use, given the high cost of fuel cells or ICE hydrogen powered vehicles [4]. Hydrogen conversion into other fuels or
‘‘chemicals’’ may represent a solution to bypass the limitations related to its low energy to volume ratio. In the Sabatier reaction
hydrogen is mixed with carbon dioxide in order to produce methane, according to the Sabatier reaction:

4H2 þ CO2 ¼ CH4 þ 2H2 O

ð1Þ

The reaction is highly exothermic (DH = 165 kJ/mol) and proceeds in a temperature range between 250 and 400 °C at relatively
low pressures (between 2 and 10 bar) on a catalytic bed, usually
based on Nickel, Ruthenium or Aluminum [5]. Previous experimental studies [5,6] have shown that the ﬁnal composition of gas, after
water separation, is mainly CH4, plus H2 and CO2 not reacted. The
presence of hydrogen allows for classifying the gas as hydromethane, that is a gas mixture composed mainly by methane and
containing H2 in a range from 5% to 30% in volume terms. This fuel
can be transported and used with technologies similar to the ones
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Abstract
This paper presents the development of a control approach for a smart polygeneration microgrid using
the Model Predictive Control (MPC) paradigm. The importance of distributed generation systems has
increased through recent years and questions of grid stability have emerged in the face of high
concentrations of non-dispatchable power sources. Numerous proposals for “smart” distribution
systems have emerged, including an architecture called the Energy Hub (E-Hub), which is a smart
microgrid where both thermal and electrical power are supplied to customers by a mix of generator
systems. The problem deals with a constrained Multi-Input Multi-Output (MIMO) optimization
problem. This paper describes work underway on a real E-Hub located at the laboratories of the
Thermochemical Power Group (TPG) of the University of Genoa (UNIGE), Italy. The TPG E-Hub is
being integrated into a larger smart polygeneration grid under construction on the Savona campus of
UNIGE as part of the European Union Resilient project. The proposed control approach aims to
optimize the loading of various resources of the E-Hub in response to changing electrical and thermal
demands from the campus-wide smart grid. This paper presents some of the results from initial testing
of this approach to E-Hub control.
© 2014 The Authors. Published by Elsevier Ltd.
Selection and/or peer-review under responsibility of ICAE
Keywords: Model Predictive Control ; Polygenerative ; Smart grid ; Energy-Hub

1.

Introduction

Driven by legislative measures and market deregulation, electric utility strategies for power
production are rapidly evolving. Moving away from centralization and consolidation of large-scale
generation facilities to small-sized systems including decentralized generators, utilities face new
challenges arising from the need to include non-dispatchable, micro-scale generators in their
system planning and control. Since they can be implemented at multiple scales, smart grids are an
attractive technology, and many architectures have been studied. At the micro-scale, the EnergyHub emerges as an attractive option, since it can provide for electrical, thermal and cooling energy
thanks to its large use of Combined Cooling Heat and Power (CCHP) systems. The E-Hub offers
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Energy conversion of orbital motions in gravitational waves: Simulation
and test of the Seaspoon wave energy converter
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a b s t r a c t
The conversion of ocean wave power into sustainable electrical power represents a major opportunity to
Nations endowed with such a kind of resource. At the present time the most of the technological innovations aiming at converting such resources are at early stage of development, with only a handful of
devices close to be at the commercial demonstration stage. The Seaspoon device, thought as a large
energy harvester, catches the kinetic energy of ocean waves with promising conversion efﬁciency, and
robust technology, according to speciﬁc ‘‘wave-motion climate’’. University of Genoa aims to develop a
prototype to be deployed in medium average energy content seas (i.e. Mediterranean or Eastern Asia
seas). This paper presents the ﬁrst simulation and experimental results carried out on a reduced scale
proof-of-concept model tested in the laboratory wave ﬂume.
Ó 2014 Elsevier Ltd. All rights reserved.

1. Introduction
Ocean energy shows-up in many forms: tides, surface waves,
ocean circulation, salinity and thermal gradients. This paper
focuses on the energy conversion of wind-driven waves, derived
ultimately from solar energy. The worldwide wave power resource
potential is huge. The global power potential has been estimated to
be around 8000–80,000 TWh/y (1–10 TW), which is in the same
order of magnitude of the world electrical energy consumption.
The best wave climates, with annual average power levels between
20 and 70 kW/m of wave front or higher, are found in the temperate zones (30–60° latitude) where strong storms occur. However,
attractive wave climates are also found within +30° latitude where
regular trade winds blow, the lower power levels being compensated by the smaller wave power variability [1]. More detailed
regional studies suggest that the accessible resource in waters
solely around the UK (which takes into account constraints on
available sites for a wide variety of reasons) could be as much as
700 TWh/y [2]. In the Mediterranean basin, the annual power level
off the coasts of the European countries varies between 4 and
11 kW/m, the highest values occurring for the area of the southwestern Aegean Sea. The entire annual deep-water resource along
the European coasts in the Mediterranean is of the order of 30 GW,
the total wave energy resource for Europe resulting thus to 320
GW [1]. Considering American continents, only around the US
⇑ Corresponding author.
E-mail address: lorenzo.difresco@unige.it (L. Di Fresco).
http://dx.doi.org/10.1016/j.enconman.2014.06.048
0196-8904/Ó 2014 Elsevier Ltd. All rights reserved.

coasts recent assessments evaluated an energy availability up to
2640 TWh/y [3]. Therefore, a widespread implementation of conversion technologies suitable for wave climate of any power could
make real a very large energy production (see Fig. 1).
2. Wave energy in mild climate seas
Wave energy refers to the kinetic energy and potential energy
in waves on ocean surface. According to linear waves theory and
Eq. (1) the wave energy ﬂux is proportional to the wave period
of motion T and to the square of its height H, and it is one of the
most stable energy resources, with good forecastability [4].

P¼

qg 2 2
H T
64p

ð1Þ

When evaluating a potential site for wave energy project development, dealing with the forces imposed by a dense ﬂuid like
water, the extreme conditions occurring during storms and associated to the highest energy ﬂux entering a wave energy converter
(WEC) is fundamental: in fact, the extreme wave heights may be
under-predicted in some locations due to certain limitations of
forecast tools [5]. The properties of a WEC correspond with the climate of the sea: a perfect technology for a sea around Portugal may
not be successful in a milder climate. An important parameter at
the beginning of a energy wave conversion project is the wave
energy development index (WEDI) value of the site, obtained by
dividing the average annual wave energy ﬂux by the storm wave
energy ﬂux (occurring in extreme storm conditions). A lower value

Applied Energy 130 (2014) 670–678

Contents lists available at ScienceDirect

Applied Energy
journal homepage: www.elsevier.com/locate/apenergy

Real-time tool for management of smart polygeneration grids including
thermal energy storage
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h i g h l i g h t s
 Experimental rig for tests on smart polygeneration grids.
 Real-time plant management software.
 Experimental results for plant management (no thermal storage).
 Comparison with results from a standard management.
 Comparison with results obtained with thermal storage management.
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a b s t r a c t
The experimental plant developed by TPG for studies on distributed generation systems was used for
tests on management improvement. The facility is based on two co-generation prime movers, a
100 kWe gas turbine (mGT) and a 20 kWe internal combustion engine (ICE) connected to an innovative
thermal distribution grid. The piping layout was developed to obtain the highest ﬂexibility level for
connection with thermal energy storage devices. The resulting test rig constitutes an experimental hardware platform for assessing, on a real basis, the performance of different tools able to choose, in real-time
mode, the ‘‘best’’ operative conditions. Therefore, a real-time software was developed to calculate
marginal costs of plant operation and to improve the polygeneration grid management.
In the initial experimental campaign only the individual generators were considered. Standard
management (electrical load following thermal demand) and improved operation with thermal energy
storage approach were compared.
The main results are related to plant management tests using the real-time software. Both electrical
and thermal demand values were considered for operation with the mGT, the ICE and the grid. A result
comparison was performed for the grid operated at constant storage set-point value and with a
constrained management approach.
Ó 2014 Elsevier Ltd. All rights reserved.

1. Introduction
Distributed generation is an effective approach toward the
pursuit of innovative solutions to current energy market issues
related to environmental and economic aspects [1–3]. Through
smart polygeneration grids [4] designed for autonomous management it is possible to obtain these advantages [4–6]:

⇑ Corresponding author. Tel.: +39 0103532463; fax: +39 0103532566.
E-mail addresses: mario.ferrari@unige.it (M.L. Ferrari), matteo.pascenti@unige.it
(M. Pascenti), alessandro.sorce@unige.it (A. Sorce), alberto.traverso@unige.it
(A. Traverso), massardo@unige.it (A.F. Massardo).
http://dx.doi.org/10.1016/j.apenergy.2014.02.025
0306-2619/Ó 2014 Elsevier Ltd. All rights reserved.

 expansion of co-generation;
 mitigation of energy losses due to electricity transmission and
conversion;
 easy integration of fossil fuel based systems with renewable
energy technologies;
 application of storage technology for optimized energy
management.
Even though distributed generation has been proven to be
technically feasible and economically effective [7], several aspects
should still be investigated through additional research. Besides
the problems related to regulatory barriers [8], several technical
issues concerning prime mover technology, grid components [8]
and management [9,10] require extensive engineering analysis.
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economic feasibility study of the system is presented, the most convenient applications of thermal energy residuals recovery in residential
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1. Introduction
Sustainable entrepreneurship in business and household domain requires innovative energy solutions
(Tvaronavičienė 2012; Balkienė 2013; Laužikas, Mokšeckienė 2013; Mačiulis, Tvaronavičienė 2013; Vosylius
et al. 2013; Raudeliūnienė et al. 2014; Baublys et al. 2014; Caurkubule, Rubanovskis 2014; GarškaitėMilvydienė 2014; Litvaj, Poniščiaková 2014; Kaminskienė et al. 2014; Prause 2014; Rakauskienė 2014;
Tvaronavičienė et al. 2014; Tvaronavičienė 2014; Vasiliūnaitė 2014). Thermoelectric conversion may be
defined as the result of a process by which heat and temperature gradient can be converted into electricity
through the use of a thermo-electric generator (TEG) exploiting the Seebeck effect. Thanks to this effect a
thermal gradient formed between two dissimilar conductors produces a voltage (Seebeck 1825).
1 The authors want to acknowledge Francesco Roncallo, graduated student at University of Genoa, for his contribution to this
research activity.
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Abstract. Sustainable distric development requires innovative energy use solutions. The aim of this paper is to illustrate the operation of a
real energy hub that can satisfy both thermal and electrical demands of a generic user. In particular, a specific case study developed around
the smart grid of the University Campus of Savona (Italy), which just completed in 2014, is analysed. The grid includes different
cogenerative prime movers and a storage system to manage the thermal load demand. Through a time-dependent thermo-economic
hierarchical approach developed by the Authors, the work aims at optimizing the management strategy of the different prime movers to
satisfy the energy demand, taking into proper account both the energetic and economic aspects. The analysis was carried out considering
two different layouts, with and without a conventional stratified thermal storage, to evaluate the impact of this component in the management
of the district.
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Nomenclature
P
power [kW]
C Cost [€]
c
Specific cost [€/kWh]
E Electricity flow [kWh]
F Fuel consumption [kg]
Q Heat flow [kWh]
Subscripts
el
electrical
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thermal
var variable
virt virtual
acq acquired
Acronyms
mgt MicroGasTurbine
ice
InternalCombustionEngine
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State of charge estimation of thermal storages for distributed
generation systems
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Abstract

The aim of this work is the development of three different models to calculate the enthalpy content of a
stratified water thermal storage tank from discrete temperature measurements. The difficulty related to
enthalpy value evaluation comes from the discrete temperature measurement along the storage (often only
2 to 4 temperatures along the volume height are known): the actual temperature distribution between two
subsequent probes is unknown. Three different models based on three different approaches were
developed and compared, basing on experimental data. A first model calculates the enthalpy value
considering the measured temperatures and the thermal power difference between generation and
consumption. The second model uses a mathematical pre-defined temperature shape fitted considering
real-time experimental data. The latter model is based on a 1-D physical approach using a multi-nodal
method. All the models were validated against the experimental data obtained from the distributed
generation laboratory installed in Savona, Italy.
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
© 2014 The Authors. Published by Elsevier Ltd.
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
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c

speed [m/s]

q

heat flux [W]

T

temperature [K]

t

time [s]
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h i g h l i g h t s
 A simulation model for an experimental SOFC system.
 The model is validated against experimental data.
 Simulation of several faulty operating conditions for the SOFC plant.
 Simulated results of faulty working conditions are collected in fault maps.
 The fault maps can be the basis for the development of an FDI tool.
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a b s t r a c t
We present here a model we have established for a laboratory-size SOFC system. Model equations are
presented and discussed, together with an extensive model validation, carried out in both steady state
and transient operating conditions. The validated model is then used to simulate four classes of system
faults, i.e. air leakage, fuel leakage, SOFC degradation and reformer degradation. When the different faults
occur, the physico-chemical operating parameters of the system vary in a different manner, and our main
objective is to understand their behavior. For example, for the system under analysis, SOFC degradation
and fuel leakage cause a decrease of the gas discharge temperature, while reformer degradation causes an
increase of the same parameter. The results of the fault analysis are described and discussed, and are
reported in such a way to provide a basis for the development of an FDI tool based on pattern recognition
techniques.
Ó 2014 Elsevier Ltd. All rights reserved.

1. Introduction
Solid Oxide Fuel Cells (SOFCs) [1–7] are electrochemical reactors under study for application in innovative power generation
plants. Their primary characteristic is that they replace the traditional combustion, which is a chemical reaction, by an electrochemical reaction. All the beneﬁts of SOFCs and their plants,
mainly high efﬁciency and environmental compatibility, derive
from this primary characteristic. Nevertheless, SOFCs and their
plants have not reached commercialization yet, and they are currently subject of intensive research studies. In this framework,
one of the topics which are currently at the cutting edge of
research is the development of diagnostics tools, since early detection, diagnosis and correction of faults can reduce efﬁciency losses
and risk of accidents.
⇑ Corresponding author. Tel.: +39 0103532463.
E-mail address: andrea.greco@unige.it (A. Greco).
http://dx.doi.org/10.1016/j.apenergy.2014.03.074
0306-2619/Ó 2014 Elsevier Ltd. All rights reserved.

In this paper, we present a model we have developed for an
experimental SOFC system. The system has provided a large
amount of data for the experimental validation of the model, which
has then been used to perform fault implantation and fault analysis. In the present work we restrict ourselves to an analysis and discussion of the effect that the different faults have on the plant
performance; nevertheless the fault results are already presented
in the format required to perform Fault Detection and Isolation
(FDI) through a pattern recognition tool. According to the deﬁnitions given in [8], fault detection is the determination that a fault
is present in a system, and is followed by fault isolation, which is
the determination of the kind, location and time of detection of a
fault. Fault identiﬁcation follows fault isolation, and is the determination of the size and time variant behavior of a fault. Fault diagnosis follows fault detection, includes fault isolation and
identiﬁcation and is the determination of the kind, size, location
and time of detection of a fault.
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presented and discussed. The results show that some types of reformer faults can be
dangerous, because they can give rise to local thermal gradients as large as 10e20$102 K/m

Keywords:

or more in the SOFC stack. Simulation results show that SOFC stacks employing metallic
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Introduction
Natural gas is currently considered the state-of-the-art fuel
for solid oxide fuel cell (SOFC) systems for distributed power
generation of any size [1], from 5 kW domestic plants [2,3] to
1 MW systems [4,5]. This is mainly due to its availability,
capillary distribution system, cleanness, and ease of conversion into hydrogen. Indeed, hydrogen is the ideal fuel of the
SOFC stack, which is the core of the system. Natural gas is a
mixture without definite composition; methane is the major
component, with a typical molar fraction around 90% [6,7].
Other components are nitrogen and higher hydrocarbons,
typically ethane, propane, butane, pentane and hexane [6,7].

Among contaminants, the most serious is sulfur, present as
H2S, COS or other organic sulfur compounds. Sulfur is a poison
for nickel catalysts, largely present in SOFC systems (in
particular in the SOFC stack anode and also in the fuel processor). Typically, the level of sulfur compounds needs to be
reduced to 1 ppm or lower [1,8], prior to feeding into the SOFC
system. SOFC systems are often equipped with an external
fuel pre-processor which desulfurizes the natural gas and also
removes higher hydrocarbons [9]. Conversion of methane into
hydrogen can then follow different reaction pathways: (i)
steam reforming (if the fuel is mixed with steam); (ii) partial
oxidation (if the fuel is mixed with air) and (iii) autothermic
reforming (if the fuel is mixed with both steam and air) [10].
Among these, methane steam reforming (MSR) is the more
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Pressurized SOFC Hybrid
Systems: Control System Study
and Experimental Verification
In this paper, two different advanced control approaches for a pressurized solid oxide
fuel cell (SOFC) hybrid system are investigated and compared against traditional
proportional integral derivative (PID). Both advanced control methods use model predictive control (MPC): in the first case, the MPC has direct access to the plant manipulated
variables, in the second case, the MPC operates on the setpoints of PIDs which control
the plant. In the second approach, the idea is to use MPC at the highest level of the plant
control system to optimize the performance of bottoming PIDs, retaining system stability
and operator confidence. Two MIMO (multi-input multi-output) controllers were
obtained: fuel cell power and cathode inlet temperature are the controlled variables; fuel
cell bypass flow, current and fuel mass flow rate (the utilization factor kept constant) are
the manipulated variables. The two advanced control methods were tested and compared
against the conventional PID approach using a SOFC hybrid system model. Then, the
MPC controller was implemented in the hybrid system emulator test rig developed by the
thermochemical power group (TPG) at the University of Genoa. Experimental tests were
carried out to compare MPC against classic PID method: load following tests were
carried out. Ramping the fuel cell load from 100% to 80% and back, keeping constant
the target of the cathode inlet temperature, the MPC controller was able to reduce the
mismatch between the actual and the target values of the cathode inlet temperature from
7 K maximum of the PID controller to 3 K maximum, showing more stable behavior in
general. [DOI: 10.1115/1.4028447]

Introduction
Advancement in power generating technology based on fossil
fuels has attracted renewed interest in the last years. This is due in
part to the awareness of the increasing scarcity of conventional
energy resources and to the issue of CO2 emission [1]. In future,
these aspects are going to be of increased importance: the
IEO2013 Reference case shows that world energy consumption is
forecast to grow by 56% from 2010 to 2040 [2]. These issues
highlight limitations in current power generation technologies.
For these reasons, alternative solutions from an energetic point
of view are being sought to increase efficiency and reduce emissions. Among possible solutions, hybrid SOFC/gas turbine (GT)
technology is a continuous generation technology that offers the
possibility of higher efficiency combined with lower emissions
[3–5]. This technology, based on the coupling of a SOFC and a
GT, can reach very high efficiency levels (over 60%—electrical
efficiency on natural gas lower heating value (LHV) basis—as a
midterm perspective), even in small size plants, producing almost
negligible emissions. It is also fuel-flexible as it is capable of
operating with natural gas, coal or biomass fuels.
The combination of SOFC and GT is interesting because of its
positive effects on efficiency due to cell pressurization [6]. Furthermore, hybrid system technology produces high-temperature
exhaust gases useful for cogenerative applications [7]. Therefore,
a waste heat module can be included to use this thermal energy
for generating low-grade steam, hot water, hot air for drying, or
other applications (e.g., chilled water through an absorption
cooler).
In spite of these positive aspects, hybrid systems are not available on the market in part because they involve some technical
problems which have not been completely solved. Fuel cell hybrid
Contributed by the Controls, Diagnostics and Instrumentation Committee of
ASME for publication in the JOURNAL OF ENGINEERING FOR GAS TURBINES AND POWER.
Manuscript received July 14, 2014; final manuscript received July 30, 2014;
published online October 7, 2014. Editor: David Wisler.

systems pose many challenging problems as far as control and
system integration are concerned, due to complicated system configurations and interactive subsystems, which lead to intricate
transient dynamics and difficult control tasks [8].
In the literature, a number of control strategies and methodologies for fuel cell systems have been proposed, ranging from simple PID controllers to advanced control strategies such as fuzzy
controllers and MPC methodologies.
In particular, MPC is an interesting control approach because of
its ability to control multivariable systems under constraints in
optimal way. In MPC, the control action is computed by solving
an optimization problem at each sampling period. This is the main
difference from traditional control systems, where precomputed
control laws are employed [9]. Moreover, MPC can well match
highly non linear systems like SOFC hybrid systems: This is an
intrinsic advantage compared to linear controllers like PID.
In recent decades, MPC has been an operative field of research,
driven by numerous successful applications of the technology
[10,11] and by academic interest in the research.
There are several works about coupling MPC and fuel cell systems. For instance, Jurado and Ortega [12] built a predictive control model to achieve online control of an SOFC system, which
used a fuzzy Hammerstein model identified by the input–output
data.
Wu et al. [13] studied a nonlinear MPC method for SOFC system, in order to control the voltage and guarantee fuel utilization
within a safe range. The nonlinear predictive controller was based
on an improved radial basis function (RBF) neural network, and a
genetic algorithm (GA) was used to optimize the parameters.
Murshed et al. [14] described the application of nonlinear MPC
applied to a fuel cell system by utilizing estimated states from the
unscented Kalman filter.
Spivey and Edgar [15] presented a dynamic, quasi-twodimensional model for a high-temperature tubular SOFC combined with ejector and prereformer models. The model was able
to capture the dynamics of critical thermal stress drivers and was
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Control Impacts of Cold-Air
Bypass on Pressurized Fuel Cell
Turbine Hybrids
A pressure drop analysis for a direct-fired fuel cell turbine hybrid power system was evaluated using a hardware-based simulation of an integrated gasifier/fuel cell/turbine hybrid
cycle, implemented through the hybrid performance (Hyper) project at the National Energy
Technology Laboratory, U.S. Department of Energy (NETL). The Hyper facility is designed
to explore dynamic operation of hybrid systems and quantitatively characterize such transient behavior. It is possible to model, test, and evaluate the effects of different parameters
on the design and operation of a gasifier/fuel cell/gas turbine hybrid system and provide
means of evaluating risk mitigation strategies. The cold-air bypass in the Hyper facility
directs compressor discharge flow to the turbine inlet duct, bypassing the fuel cell, and
exhaust gas recuperators in the system. This valve reduces turbine inlet temperature while
reducing cathode airflow, but significantly improves compressor surge margin. Regardless
of the reduced turbine inlet temperature as the valve opens, a peak in turbine efficiency is
observed during characterization of the valve at the middle of the operating range. A
detailed experimental analysis shows the unusual behavior during steady state and transient operation, which is considered a key point for future control strategies in terms of turbine efficiency optimization and cathode airflow control. [DOI: 10.1115/1.4029083]

Introduction
The basic design goal of a hybrid system is to integrate two or
more energy conversion devices into a single system that provides
benefits in terms of fuel flexibility, efficiency, availability, economics, or sustainability that either of the devices alone could not
provide. The fuel cell and gas turbine of a hybrid system can be
configured in several different fashions with different potential
cycle configurations. A “direct” hybrid configuration typically has
higher efficiency because it is based on a recuperated cycle, but
presents more significant challenges with control [1] and with fuel
cell operation. There are few hardware-based research facilities
internationally available to study the concept of hybrid power systems and the big challenge related to control research [2,3]. For
instance, the Hyper facility has been designed to evaluate the
dynamic operation and the transient behavior of the fuel cell gas
turbine hybrid configuration [4].
For any hybrid system, an appropriate control strategy must be
implemented with the aim of safe operability and high efficiency
optimization. From this perspective, the characterization of each
actuator has been considered very important in terms of control
for fuel cell/gas turbine operation, but can also be extended to any
advanced power system, where existing technologies are coupled
in order to improve the total system efficiency. In recent years,
several studies have been performed to evaluate the dynamic
effect of important airflow bypass valves used for thermal management in the solid oxide fuel cell (SOFC) system [5,6].
Specifically, the cold-air bypass shows an important benefit to
control several parameters: cathode mass flow, turbine inlet temperature, turbine speed, and the surge margin. In general, for economical reasons, it is preferable to control the cathode mass flow
using the cold-air bypass rather than the hot-air bypass. In
1
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addition, it is preferable to control the surge margin using the
cold-air bypass rather than the bleed-air valve, because blowing
air to the atmosphere reduces the system efficiency drastically at
steady state conditions and can cause mechanical abuse during
transient operation.
In order to study the cold-air bypass valve behavior, several experimental tests have been designed in closed-loop and open-loop
configurations. It was initially thought that the cold-air bypass
would continually decrease system efficiency, but in fact, in the
initial range of operation, system efficiency actually increased to a
point before decreasing as the valve was opened.
During preliminary tests, the nonlinear behavior in cold-air
bypass operation was highlighted. These test showed a dependence of several conditions on the position and magnitude of the
nonlinearity. The cold-air bypass was observed to strongly affect
turbine inlet temperature, total system pressure drop, and compressor/turbine pressure ratio during transient and steady state
operation.
To characterize this nonlinear behavior in support of controls
development, several experimental tests were planned to determine the cold-air dynamic effect on several parameters, in both
closed-loop and open-loop configurations. Also, an orifice plate at
the compressor discharge was introduced in order to increase the
total system pressure drop into the system with the aim of determining the impact to nonlinear performance.

Experimental Facility
The Hyper project at NETL makes use of hardware simulation
of a 200 kW–700 kW SOFC system coupled to a 120 kW turbine.
In terms of cycle design, the original gas turbine configuration
has been modified drastically to allow the piping connection from
the engine to the recuperators, and for the inclusion of pressure
vessels representing the fuel cell cathode volume. The airflow at
the compressor discharge is routed through the heat exchangers to
recuperate heat from the turbine exhaust before passing through
the cathode fuel cell volume. From the pressure vessels used to
represent the fuel cell cathode volume, the airflow passes through
the combustor driven by the fuel cell model and then through
FEBRUARY 2015, Vol. 12 / 011006-1
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disturbance in the cathode inlet air mass flow was performed by manipulating a hot-air
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bypass valve implemented in the hardware component. Two tests were performed; the
fuel cell stack subsystem numerical simulation model was both decoupled and fully

Keywords:

coupled with the gas turbine hardware component. The dynamic responses of the entire

Solid oxide fuel cell

SOFC/GT hybrid system were studied in this paper. The reduction of cathode airflow

Gas turbine

resulted in a sharp decrease and partial recovery of the fuel cell thermal effluent in 10 s. In

Hybrid system

contrast, the turbine rotational speed did not exhibit a similar trend. The transfer functions

Hardware-in-the-loop simulation

of several important variables in the fuel cell stack subsystem and gas turbine subsystem

Transients

were developed to be used in the future control method development. The importance of

Transfer function

the cathode airflow regulation was quantified through transfer functions. The management of cathode airflow was also suggested to be a potential strategy to increase the life of
fuel cells by reducing the thermal impact of operational transients on the fuel cell
subsystem.
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reserved.
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technologies related to hydrogen vehicles still present high costs, an alternative solution is
investigated: the hydrogen produced by water electrolysis is converted into Hydro-
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methane (a blend of methane and hydrogen, where H2 maximum volume content is
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30%), which is easier to be stored and transported to the refueling stations, considering its

Thermo-economic optimization

higher energy content in volume terms.

Hydrogen production
Hydrogen-methane blends

Since electricity available from the hydroelectric plant varies widely throughout the
year, a time-dependent hierarchical thermo-economic analysis is performed in order to
investigate both the optimal size of the whole plant and the management of the alkaline
electrolysers. The analysis is carried out for the H2 and Hydro-methane plant lay-outs,
comparing the results from energetic, strategic and economic point of view in a typical
European economic scenario (Italy).
For the different plant lay-outs, two energy scenarios are considered: (i) to feed the
electrolysers only with renewable hydroelectricity during the year, keeping them off when
it is not available; (ii) to purchase electricity from the national grid in shortage periods, in
order to increase the utilization factor of the electrolysers and the production of H2 and
Hydro-methane for the refueling stations.
Copyright © 2014, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.

Introduction
In the last years, the increasing stringency of environmental
rules has prompted the research to study innovative fuels

with low environmental impact. In this context, hydrogen is
becoming more and more interesting: it is a clean fuel with
zero CO2 emissions during its combustion [1]; a worthy option
for its generation is represented by water electrolysis
employing electricity from renewable generators (i.e. wind
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Abstract
This paper reports an entirely new simulation tool for a
hybrid system emulator facility built by the Thermochemical
Power Group (TPG) at the University of Genoa, Italy. This
new software was developed with the following targets: realtime performance, good stability level and high calculation
reliability. In details, to obtain real-time performance a new
approach based on 0-D technique was chosen also for components usually analysed with 1-D or 2-D tools (e.g. the recuperator). These are essential key aspects to operate it in hardware-in-the-loop mode or to evaluate predictive results for
long transient operations. This work was based on collaboration between the University of Manchester, UK and the University of Genoa, Italy.
The activity was carried out with a test rig composed of the
following technology: a microturbine package able to
produce up to 100 kWe and modified for external connections, external pipes designed for several purposes (by-pass,
measurement or bleed), and a high temperature modular
vessel necessary to emulate the dimension of an SOFC stack.
The real-time transient model of this facility was developed
inside the Matlab-Simulink environment with the following
modelling approach: a library of components allows to reach
a high level of flexibility and an user-friendly approach. This
model includes the machine control system as an essential
device to analyse further layouts (new components in the rig)
and hardware-in-the-loop operations.

1 Introduction
The future of the world, in terms of energy production,
seems in danger. Almost every country in the world relies
mainly on fossil fuels like oil, coal and gas to generate power
with traditional plants which not only results in global warming but also causes fuel price rises that may ultimately lead to
delays in energy production. The world has such a large reli-

FUEL CELLS 15, 2015, No. 1, 7–14

The experimental data collected in the laboratory by TPG
were used to validate the simulation tool. The results calculated with the model were satisfactory compared with experimental data considering both steady-state and transient
operations. The most important innovative aspects of this
work are related to this wide validation range (not only small
power steps, but the whole operative range was considered)
obtaining real-time performance and considering microturbine conditions different from standard operations (additional pressure and temperature losses and unusual thermal
capacitance). The modelling simplified approach used for
such a complex system is an important innovative aspect,
because usually the model reliability performance is obtained
with more complex (and not real-time) tools. This work is
based on an innovative modelling approach based on 0-D
tools able to operate in real-time mode (as necessary for hardware-in-the-loop tests) with an accuracy level comparable
with more complex and more time consuming software.
This validated tool is an important base for future calculations
to study innovative hybrid system layouts. For instance, TPG
is planning to analyse the option of increasing fuel cell pressure
and performance with a booster system (e.g. a turbocharger).
Keywords: 0-D Approach, Experimental Validation, Hybrid
System Emulator, Micro gas turbine, Transient Model, Wide
Operative Range

ance on fossil fuels for energy production that when the world
eventually falls short or even runs out of this source, renewable sources will not be able to satisfy the increasing electrical
energy demand [1, 2].
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Abstract
This paper reports a new innovative re-compression technology for solid oxide fuel cell (SOFC) hybrid systems necessary
to increase pressure at compressor outlet level (as required
by fuel cell systems for managing cathodic recurculation and
to increase SOFC efficiency). This work was based on a collaboration between the University of Manchester (United Kingdom) and the University of Genoa (Italy).
The re-compression study will be performed with the hybrid
system emulator rig by TPG. This device is composed of the
following technology: a microturbine package able to produce up to 100 kWe which was modified for external connections, external pipes designed for several purposes (by-pass,
measurement or bleed), and a high temperature modular ves-

1 Introduction
The 20th century industrialization has raised the world’s
energy consumption and has seen a rapid twentyfold increase
in the use of fossil fuels [1]. It is known facts that rule of
supply and demand holds that as hydrocarbon supplies
decreases, prices will increase [2]. Consequently, higher prices
will lead to a different scenario: renewable energy supplies at
one time uneconomic sources become logically economical to
utilize. The world energy demand is raising and the world
energy production is at risk because of the non-reversible fossil fuel and it raises serious environmental concerns [3, 4]. Global warming emissions resulting from energy production are
among these environmental concerns. Recently (2013), the
Intergovernmental Panel on Climate Change (IPCC) stated
that the largest driver of global warming is carbon dioxide
(CO2) emissions from fossil fuel combustion, cement production, and land use changes such as deforestation [5].
Hybrid systems are one of the possible solutions to face the
energy issues because the combination of small gas turbines
(mGTs) with solid oxide fuel cells (SOFCs) is able to increase
the efficiency level to the range of 60%–65% [6] also in small
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sel necessary to emulate the dimension of an SOFC stack. For
the purpose of re-compression, this test rig is planned to be
equipped with a turbocharger capable of increasing pressure
using part of recuperator outlet flow.
Theoretical activity was considered before carrying out the
real experimental tests to avoid plant risky conditions. So, it
was necessary to develop a transient model (Matlab-Simulink environment) to simulate the hybrid system emulator
including the re-compression system. The results obtained
with the model were carried out considering the start-up/
shutdown phases of the turbocharger device.
Keywords: Emulator Rig, Hybrid System, Real-Time Transient Model, Recompression Technology, Turbocharger

size systems. Moreover, the high cost of conventional fuel,
increase in energy consumption as a results of population
growth, increases in electric bills make hybrid systems one of
the most desirable alternatives for power generation in the
nearby future [6]. The increasing competition in the research
regarding hybrid systems is an indication of the fact that not
only this plant proved to be an interesting innovative technology, but also it will be an important remedy for high efficiency
and almost clean electrical energy. This promises a bright
future for hybrid systems in the field of distributed power
generation [7–9].
The following points summarize the main research activities related to SOFC hybrid system issues:
. Only one SOFC hybrid system built by Siemens-Westinghouse operated with interesting performance close to design
conditions [10]. However, this system was based on tubular
SOFC technology, not ready from cost point of view for
market penetration.
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h i g h l i g h t s
 Advanced new control system for SOFC based hybrid plants.
 Proportional–Integral approach with feed-forward technology.
 Good control of fuel cell temperature.
 All critical properties maintained inside safe conditions.
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a b s t r a c t
This paper shows a new advanced control approach for operations in hybrid systems equipped with solid
oxide fuel cell technology. This new tool, which combines feed-forward and standard proportional–
integral techniques, controls the system during load changes avoiding failures and stress conditions
detrimental to component life. This approach was selected to combine simplicity and good control performance. Moreover, the new approach presented in this paper eliminates the need for mass ﬂow rate
meters and other expensive probes, as usually required for a commercial plant. Compared to previous
works, better performance is achieved in controlling fuel cell temperature (maximum gradient signiﬁcantly lower than 3 K/min), reducing the pressure gap between cathode and anode sides (at least a
30% decrease during transient operations), and generating a higher safe margin (at least a 10% increase)
for the Steam-to-Carbon Ratio.
This new control system was developed and optimized using a hybrid system transient model implemented, validated and tested within previous works. The plant, comprising the coupling of a tubular solid
oxide fuel cell stack with a microturbine, is equipped with a bypass valve able to connect the compressor
outlet with the turbine inlet duct for rotational speed control. Following model development and tuning
activities, several operative conditions were considered to show the new control system increased performance compared to previous tools (the same hybrid system model was used with the new control
approach). Special attention was devoted to electrical load steps and ramps considering signiﬁcant
changes in ambient conditions.
Ó 2015 Elsevier Ltd. All rights reserved.

1. Introduction
Hybrid systems, consisting of a solid oxide fuel cell (SOFC) combined with a microturbine (mGT), are expected to have a signiﬁcant role due to widespread distributed generation paradigm
[1–4] and hydrogen economy [5–7]. More speciﬁcally, high performance aspects in small-size systems (ultra-high efﬁciency [8,9],
ultra-low emissions [10], fuel ﬂexibility [11,12] and co-generative
applications [13,14]) of these innovative plants are essential in
terms of environmental and energy demand [15,16].
E-mail address: mario.ferrari@unige.it
http://dx.doi.org/10.1016/j.apenergy.2015.02.059
0306-2619/Ó 2015 Elsevier Ltd. All rights reserved.

Despite the important results obtained for SOFC hybrid systems
through both theoretical [17–19] and experimental [8,20,21] tools,
only one prototype, developed by Siemens-Westinghouse [22],
reached performance levels close to the expectations. This low rate
of success for these kinds of plants is due to the high cost of components [7,23] and technical problems related to system integration [7,24,25]. An important technical issue not completely
settled concerns the control system because SOFC hybrid plants
are subject to several additional constraints as opposed to standard
mGT plants [26]. More speciﬁcally, in addition to turbine constraints (maximum rotational speed, surge line and maximum
thermal stress for components [27]), other risk situations must
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Abstract

Starting from a state of the art of CSP plants and the undergoing research in hybridization of Gas Turbine
plants, the paper investigates alternative plant configurations particularly regarding the integration of CSP
technology with mixed cycles because of their low water consumption and the possible use of current
CSP components, assessed and compared with a through-life thermo-economic analysis.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
© 2015 The Authors. Published by Elsevier Ltd.
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
CSP technology can be combined with any traditional energy system, including unconventional cycles as
researched by Jamel et al.[1], but the solar input collected by the concentrators is commercially used in
steam power plants, with one or two pressure level steam turbine where the CSP system substitutes the
traditional steam generator. However, Rankine cycles need a significant amount of make-up water, while
the most suitable area for CSP plants (i.e. the worldwide area of the Sun Belt area where the DNI
exploitable by solar receivers is high) are in desert areas. CSP Rankine cycles consume water for the
continuous purge and make-up of cycle water, as well as for mirror cleaning (0.6 liters of wash water per
m2 of solar field and 73 washes per year[2]). To mitigate these problems, increase the efficiency of CSP
power plants, and provide cost-effective dispatchable power, significant can be gained creating a solar
hybrid gas turbine and combined cycle [3] [4][5][6].
Nowadays two solutions are under research: Integrated Solar Combined Cycle (ISCC) and Solar Hybrid
Combined Cycle (SHCC). Even though SHCC plants have high efficiency and high solar share factor
(SSF), unfortunately they have technological challenges related to the high temperature receiver, solar
collector and the use of very hot compressed air (800°C-1000°C) in the combustion chamber. ISCC plants
can exploit traditional Steam CSP technology, but they have lower SSF and efficiency. As an alternative
route, steam-injection gas turbine power plants can be investigated [7]. This produces a solar hybrid
mixed CSP cycle, with heat input from both solar collectors and fuel in the combustor. A thermodynamic
analysis of this hybrid cycle, leading to high power augmentation compared to the simple cycle and to
conventional STIG was made by Livshits and Kribus , even if in their research the steam produced by the
solar field is inserted in the HRSG of the cycle [8][9].
Basing on their experience on researching mixed cycles [10] and CSP plants [11] using a thermoeconomic approach and optimization tool, the Authors decided to introduce solar steam directly in the
combustion chamber like in a traditional STIG cycle, they analyzed this hybrid mixed CSP cycle
comparing its performance against a traditional STIG cycle focusing the attention on water consumption
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Abstract
The present paper is examining the geometry optimization of a power production turbine, in the
range of 100kWel, for a low enthalpy Organic Rankine cycle system (≤100˚C). In the last years,
accelerated consumption of fossil fuels has caused many serious environmental problems such as
global warming, ozone layer destruction and atmospheric pollution. It is this reason that a growing
trend towards exploiting low-enthalpy content energy sources has commenced and led to a renewed
interest in small-scale turbines for Organic Rankine Cycle applications. The design concept for such
turbines can be quite different from either standard gas or steam turbine designs. The limited enthalpic
content of many energy sources imposes the use of organic working media, with unusual properties for
the turbine. A versatile cycle design and optimization requires the parameterization of the main turbine
design. There are many potential applications of this power-generating turbine, including geothermal
and concentrate solar thermal fields or waste heat of steam turbine exhausts. An integrated model of
equations has been developed, thus creating a model to assess the performance of an organic cycle for
various working fluids such as R134a and isobutane-isopentane mixture. The most appropriate working
fluid has been chosen, taking its influence on both cycle efficiency and the specific volume ratio into
consideration. This choice is of particular importance at turbine extreme operating conditions, which
are strongly related to the turbine size. In order to assess the influence of various design parameters, a
turbine design tool has been developed and applied to define the geometry of blades in a preliminary
stage. Finally, as far as the working fluid is concerned, the mixture of 85% isopentane-15% isobutane
has been chosen as the most suitable fluid for the low enthalpy ORC system, since its output net power
is 10% higher compared to the output net power of R134a.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
© 2015 The Authors. Published by Elsevier Ltd
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1.
Introduction
In recent years, the exploitation of low-temperature heat sources has become more and more attractive,
owing to increasing concern about energy shortage and global warming, [1]. Out of a variety of
technical solutions to this problem, the Organic Rankine Cycle (ORC) has been proven to be a very
promising option, already in use for industrial applications [2][3]. The most common approach is the
employment of renewable sources, such as geothermal [3], biomass [4] or solar [5][6] units, as lowtemperature heat sources. The electrical power produced by ORC is thereby, considered “clean”, since
it is derived from recovery of waste heat from renewable sources, without any fossil fuel consumption.
The ORC process works similarly to a normal Rankine steam cycle, with the particularity that the
temperatures and pressures are significantly lower[7][8]. In low-temperature ORC the turbine entry
temperature (TET) is about 100 °C, a very low value indeed, compared to that of a modern steam
turbine; pressures in ORC are usually 20-25 bar, while in regular Rankine cycle the values of pressure
may typically reach multiples of that figure, even when a subcritical case is considered. Therefore, the
1876-6102 © 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Simulation of an Innovative
Startup Phase for SOFC Hybrid
Systems Based on
Recompression Technology:
Emulator Test Rig
This paper presents a novel startup approach for solid oxide fuel cell (SOFC) hybrid systems (HSs) based on recompression technology. This startup approach shows a novel
method of managing a complete plant to obtain better performance, which is always also
a difficult task for equipment manufactures. The research activities were carried out
using the HS emulator rig located in Savona (Italy) and developed by the Thermochemical Power Group (TPG) of the University of Genoa. The test rig consists of three integrated technologies: a 100 kWe recuperated microturbine modified for external
connections, a high temperature modular vessel necessary to emulate the dimensions of
an SOFC stack, and, for air recompression, a turbocharger necessary to increase fuel
cell pressure (using part of the recuperator outlet flow) as required for efficiency increase
and to manage the cathodic recirculation. It was necessary to develop a theoretical
model in order to prevent abnormal plant startup conditions as well as motivated by economic considerations. This transient model of the emulator rig was developed using
V
V
MATLAB -Simulink environment to study the time-dependent (including the control system
aspects) behavior during the entire system (emulator equipped with the turbocharger)
startup condition. The results obtained were able to demonstrate that the HS startup
phase can be safely managed with better performance developing a new control logic. In
detail, the startup phase reported in this paper shows that all important parameters
were always inside acceptable operating zones (surge margin kept above 1.1, turbine
outlet temperature (TOT), and fuel flow maintained lower than 918.15 K and 7.7 g/s,
respectively). [DOI: 10.1115/1.4031106]
R

R

Keywords: hybrid system, emulator test rig, real-time transient model, recompression
technology, startup technique

The earth is influenced substantially by the negative consequences of climate change. This is obvious due to global warming
which is caused mostly by emissions from hydrocarbon fuels that
raise the temperature of the earth. These fuels are also affected by
rising costs and are responsible for significant chemical pollution
due to emissions of toxic gases (such as carbon monoxide) and
also thermal pollution. For this reason, emissions of greenhouse
gases that are harmful to the environment have to be reduced by
reconsidering the use of hydrocarbon fuels [1–5].
One promising concept for global energy security and pollution
decrease is via the use of “hybrid technology” for power generation. Hybrid technology can simply be defined as a technique of
merging different power generation techniques to obtain an integrated system able to operate with better performance, such as
higher efficiency than that available from a single power plant. A
simple example of hybrid technology is the integration of a micro
gas turbine (mGT) with a high-temperature fuel cell (e.g., a
SOFC) [6–8]; these combinations can be further enhanced by adding more technologies, such as heat exchangers for cogeneration
[9] or a turbocharger for air recompression [10,11].

It has been demonstrated [12,13] through both dynamic simulations and experimental tests that these HSs exhibit fewer environmental concerns associated with their use compared to the
traditional power plants. Carbon dioxide emissions can be tackled
by higher electrical efficiencies, while NOx and other types of
pollutant emissions are greatly reduced because the largest
amount of conversion is carried out by electrochemical reactions
instead of the combustion processes of conventional plants [12].
However, these technologies are still at an early stage of development and naturally have numerous problems, among which the
system startup phase is a major issue. This paper presents a novel
startup technique for SOFC-based HSs including recompression
technology. The startup phase presented here is a complete simulation considering the entire plant (SOFC–mGT emulator plus a
turbocharger), while in Ref. [11] only the turbocharger was considered. The novelty of this approach is the feasibility of starting
up the whole system without the machine running into malfunctioning with the volume included in the system, which is not a
common practice adopted by manufacturers. Moreover, in order
to improve this model in comparison to Ref. [11], a new T100
startup mode was developed.
The following points give a brief statement of the main research
activities related to SOFC HS startup issues:
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 Lin and Hong [14] presented a study related to the startup
transient behavior of a basic HS. These authors developed a
general dynamic model of the hybrid SOFC/mGT system to
analyze the transient behavior during cold startup phase.
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with no CO coproduction at 573 K at 15,000 h1 GHSV in excess hydrogen). The perfor-
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mance is better than that of Ni/Al2O3 catalyst. The reaction orders over both catalysts with
respect to both hydrogen and CO2 were determined over conditioned catalysts. A condi-

Keywords:

tioning of the Ru/Al2O3 catalyst by reactant gas stream was found to be needed and more

Hydrogen

effective than conditioning in hydrogen, possibly because water vapour formed during

Carbon dioxide

methanation reaction will react to remove chlorine impurities from catalyst surface

Methanation

Conditioned Ru/Al2O3 catalyst was found to retain stable high activity after different shut-

Ruthenium on alumina

down and start-up procedures, thus being possibly applicable in intermittent conditions.

Activation of the catalyst

Copyright © 2015, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.

Stability

Introduction
The hydrogenation of CO2 with renewable hydrogen is an
interesting option as a CO2 Capture and Storage technology
(CCS) to reduce the emissions of greenhouse gases,
with producing useful compounds. Although a number of
different compounds could in principle be formed by CO2

hydrogenations (e.g. all hydrocarbons, alcohols, formic acid,
etc.), the production of methane (methanation)
CO2 þ 4H2 /CH4 þ 2H2 O DH



298

¼ 165:12 KJ=mol

(1)

could allow to reuse carbon atoms as an energy vector. This
reaction is presumed to be strictly related to the CO methanation reaction

* Corresponding author. Tel.: þ39 0103536024; fax: þ39 0103536028.
E-mail address: Guido.Busca@unige.it (G. Busca).
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Smart polygeneration grids: experimental performance curves
of different prime movers
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h i g h l i g h t s
 Measured performance curves for different prime movers.
 Microturbine, internal combustion engine, SOFC hybrid system, absorption chiller.
 Emulation rig for the hybrid system.
 Ambient temperature impact on the microturbine.
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a b s t r a c t
This paper shows the performance curves obtained with an experimental campaign on the following different prime movers: a 100 kW microturbine, a 20 kW internal combustion engine, a 450 kW SOFC-based
hybrid system and a 100 kW absorption chiller. While the size related to the microturbine and the engine
are actual electrical power values, the hybrid system size is an electrical virtual power (an emulator rig
was used for this plant) and the chiller value is a cooling thermal power. These experimental results were
obtained with a smart polygeneration facility installed in the Innovative Energy Systems Laboratory by
the Thermochemical Power Group of the University of Genoa. This facility was designed to perform tests
on smart grids equipped with different generation technologies to develop and improve innovative control and optimization tools. The performance curves were obtained with two different approaches: tests
on real prime movers (for the microturbine, the engine and the chiller) or measurements on an emulator
rig (for the hybrid system). In this second case, the tests were carried out using an experimental facility
based on the coupling of a second microturbine with a modular vessel. A real-time simulation software
was used for components not physically present in the experimental plant. These results are a significant
improvement in comparison with the available data, because experimental results are presented for different prime movers in different operative conditions (both design and part-load operations). Moreover,
since both manufacturers and users are not usually able to control air inlet temperature, special attention
was devoted to the ambient temperature impact on the 100 kW microturbine because this property has a
strong influence on the performance of this machine. For this reason, empirical correlations on the
ambient temperature effect were obtained from the experiments with the objective to perform an easy
implementation of the optimization tools. Experimental performance curves (including several off-design
conditions) are essential for smart grid management because (if they are implemented in optimization
tools) they allow to find real optimal solutions (while tools based on linear or calculated correlations
can obtain results affected by significant errors).
Ó 2015 Elsevier Ltd. All rights reserved.

1. Introduction
Distributed generation (DG) based on smart polygeneration
grids [1–3] is a promising energy production paradigm [3] with
⇑ Corresponding author.
E-mail address: mario.ferrari@unige.it (M.L. Ferrari).
http://dx.doi.org/10.1016/j.apenergy.2015.10.144
0306-2619/Ó 2015 Elsevier Ltd. All rights reserved.

significant potential aspects related to decrease of pollutant emissions and cost savings [4]. The installation of small size generators
close to users (both in residential and industrial buildings) is
expected to decrease energy losses [5] and to improve fuel energy
exploitation through cogeneration [6] and trigeneration [7] plants.
Even if most small-size power systems can be installed for
distributed generation paradigm (low emissions are mandatory),
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a b s t r a c t
In recent years, many different concepts to manage smart distributed systems were proposed and solutions developed. Smart grids and the increasing influence of renewable sources on energy production lead
to concerns about grid stability and load balance. Combined Heat and Power (CHP) generators coupled
with solar or other renewable sources offer the opportunity to satisfy both electric and thermal power
economically. Both electric and thermal demand and supply change continuously, and sources such as
solar and wind are not dispatchable or accurately predictable. At the same time, it is essential to use
the most efficient and cost effective sources to satisfy the demand. This problem has been studied at
the University of Genoa (UNIGE), Italy, using different generators and energy storage device that can
supply both electric and thermal energy to consumer buildings. Here the problem is formulated as a
constrained Multi-Input Multi-Output (MIMO) problem with sometimes conflicting requests that must
be satisfied. The results come from experiments carried out on the test rig located at the Innovative
Energy System Laboratories (IESL) of the Thermochemical Power Group (TPG) of UNIGE. This paper
compares three different control approaches to manage the distributed generation system: Simplified
Management Control (SMC), Model Predictive Control (MPC), and Multi-Commodity Matcher (MCM).
Control systems and their control actions are evaluated through economic and performance key
indicators.
Ó 2015 Elsevier Ltd. All rights reserved.

1. Introduction
New distributed generation systems offer the promise of positive effects such as reduced electrical losses, increased security
and flexibility, integration of renewable energy sources, easy application of co-generation technology and other benefits [1–4]. These
benefits are due to the cost of increased grid complexity, and
potential stability and security problems [5–11]. The problem of
properly managing many small generators in an optimal way is
essential for maximization of smart grid benefits. Several
approaches have been proposed but none of them has emerged
as the most powerful or reliable [12–26]. This is due in part to
the fact that distributed generation systems are as yet mostly simulations, and are always custom solutions for a specific set of consumers and suppliers [27–29]. Therefore it is difficult to make
consistent comparisons among them.

This paper presents an experimental comparison among three
control approaches for smart microgrid scale systems. The reference plant is located at IESL of the Thermochemical Power Group,
which includes a cogenerative microgrid system among other different testing facilities [30]. This microgrid is involved in the Smart
Polygeneration Microgrid (SPM) project of UNIGE for the Savona
campus [31]. The SPM includes multiple electric, thermal and
CHP generators with the IESL microgrid comprising one of the
main generator subsystems. The analyzed facility is composed only
of commercially available hardware, including a micro Gas Turbine
(mGT) by Turbec, an Internal Combustion Engine (ICE) by Energia
Nova, a thermal storage system, a bank of liquid/air heat exchangers for thermal loading and a system of piping and control valves
(Fig. 1). Their main properties are summarized in Table 1, while
further description of the system, including possible involvement
of renewable power generators, may be found in [32–37].

2. Organization
⇑ Corresponding author at: Via Montallegro 1, DIME sez. MASET, 16145 Genova,
Italy. Tel.: +39 0103532463.
E-mail address: iacopo.rossi@edu.unige.it (I. Rossi).
http://dx.doi.org/10.1016/j.enconman.2015.12.026
0196-8904/Ó 2015 Elsevier Ltd. All rights reserved.

In the following sections a brief description of the management
tools is presented, including some information about the
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h i g h l i g h t s
 Transient response to cold air bypass was evaluated in a SOFC/GT hybrid system.
 A cyber-physical approach was employed.
 Transfer functions were developed for each variable.
 A non-linear behavior was observed in the system response.
 A high impact on surge margin, system pressure drop, and cathode air flow was shown.
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a b s t r a c t
Fuel cell gas turbine hybrids present significant challenges in terms of system control because of the coupling of different time-scale phenomena. Hence, the importance of studying the integrated system
dynamics is critical. With the aim of safe operability and efficiency optimization, the cold air bypass valve
was considered an important actuator since it affects several key parameters and can be very effective in
controlling compressor surge. Two different tests were conducted using a cyber-physical approach. The
Hybrid Performance (HyPer) facility couples gas turbine equipment with a cyber physical solid oxide fuel
cell in which the hardware is driven by a numerical fuel cell model operating in real time. The tests were
performed moving the cold air valve from the nominal position of 40% with a step of 15% up and down,
while the system was in open loop, i.e. no control on turbine speed or inlet temperature. The effect of the
valve change on the system was analyzed and transfer functions were developed for several important
variables such as cathode mass flow, total pressure drop and surge margin. Transfer functions can show
the response time of different system variables, and are used to characterize the dynamic response of the
integrated system. Opening the valve resulted in an immediate positive impact on pressure drop and
surge margin. A valve change also significantly affected fuel cell temperature, demonstrating that the cold
air bypass can be used for thermal management of the cell.
Published by Elsevier Ltd.

1. Introduction
Hybrid systems combine two or more energy conversion
devices, such as fuel cells and gas turbines, to achieve higher efficiency and flexibility than each of the devices alone can provide.
The U.S. Department of Energy, National Energy Technology Laboratory designed and developed a Solid Oxide Fuel Cell (SOFC) gas
turbine hybrid system emulator to examine fundamental issues
related to component integration and control [1]. In the Hybrid
⇑ Corresponding author at: 3610 Collins Ferry Rd, Morgantown, WV 26507,
United States.
E-mail address: valentina.zaccaria@contr.netl.doe.gov (V. Zaccaria).
http://dx.doi.org/10.1016/j.apenergy.2015.12.094
0306-2619/Published by Elsevier Ltd.

Performance (HyPer) facility, a gas turbine is coupled with the
cyber-physical emulator of a SOFC. The SOFC is the only heat
source and it is driven by a numerical model, using a cyberphysical approach. This approach takes advantage of both the
numerical model flexibility and the hardware-based fidelity [2].
Physical pressure vessels are used to simulate the cathode and
post-combustor volumes and provide the pressure drop across
the fuel cell system, while the electrochemistry of the fuel cell is
numerically simulated in the real-time model. The only other
two examples of fuel cell gas turbine hybrids emulators in the
world that use the cyber-physical approach are the ones developed
by TPG in Italy [3,4] and DLR in Germany [5], but the HyPer facility
is unique for the employed approach. The cyber-physical approach
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one CO2 is acquired from external sources. Carbon dioxide is mixed with hydrogen and
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then the gas is sent into the reactor for methanol synthesis. Hydrogen is produced by an
alkaline pressurized electrolyzer (1 MW, 30 bar) fed by time-dependent electrical energy

Keywords:

produced by renewable plants (hydroelectric, wind or photovoltaic), when available; in the

Renewable energy sources

remaining periods, electricity is purchased by the national grid.

Thermo-economic optimization

Since the available electrical energy from the different renewable sources is not con-

Hydrogen production

stant throughout the year, a time-dependent hierarchical thermo-economic analysis is

Bio-fuels production

performed in order to investigate the best plant configuration. The analyses are performed
with the W-ECoMP simulation tool (developed by the authors' research group) considering
different costs of electricity and different methanol selling prices taking into account the
future market forecast. The results for the two plant lay-outs are compared from energetic,
economic and environmental point of view for the different renewable energy sources to
evaluate the best solution in the Italian scenario.
Copyright © 2015, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.

Introduction
In the last years, the European Union has promoted the production of innovative fuels (bio-fuels) as one of the main targets for 2020 [1], in order to decrease pollutant emissions from
traditional fossil fuels. Methanol is a fuel that presents
excellent combustion properties: although it has only about
half of the gasoline energy density (20.1 MJ/kg for methanol,

44.3 MJ/kg for gasoline, as reported in Ref. [2]), methanol is a
very powerful fuel thanks to its higher octane number [3] (108
for methanol, 95 for gasoline), meaning that the fuel allows for
higher compression ratio than traditional gasoline: as a
consequence, combustion is more efficient and the emissions
in terms of CO and CO2 are reduced [2e4] compared to traditional fuels (gasoline and diesel). Methanol finds important
employment in the chemical industry as well, mainly in the
synthesis of formaldehyde, MTBE and acetic acid [5].
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This paper presents a thermo-economic analysis based on data from a real Smart polygeneration
microgrid (SPM), designed to satisfy energy demands of the university campus of Savona (Italy). The plant
is made up of different cogenerative generators (micro gas turbines and an internal combustion engine),
renewable generators and two auxiliary boilers (one of them is off during the most of the time): the
generators are “distributed” around the campus and coupled to electrical and thermal storages. Since
several cogenerative units are included in the grid, the integration of the different storage systems is
relevant in order to determine the best management strategy, following both thermal and electrical
requests and taking into proper account the strong difference between the two energy demand proﬁles.
The thermo-economic analysis is performed exploiting the software W-ECoMP, developed by the
authors’ research group, in order to ﬁnd the best operational strategy, considering the importance of an
appropriate storage system to manage the polygenerative energy district; attention is paid to the
integration and combination of three different kinds of storage (hot and cold water tanks and electrical
battery). Different scenarios are presented, combining the storages and showing their impact in terms of
money savings and reduction of electrical energy purchasing from the National grid. Both the grid
connected mode and island mode of operation of the SPM are considered.
The analysis is performed considering the time dependent nature of the energy demands throughout
the whole year and implementing the experimental off-design curves of the real devices installed in the
grid.
ã 2016 Elsevier Ltd. All rights reserved.
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1. Introduction
Polygeneration and Distributed generation (DG) are two energy
concepts that are becoming increasingly popular for the many
advantages they offer in terms of energy savings and reduction of
emissions; consequently research has been ongoing in order to
improve the best solution and easily interconnect this new concept
in the present energy scenario. Nowadays in Europe nearly half of
the energy consumption is needed in the heating sector and, at the
same time, the energy demand for cooling and air-conditioning is
rising rapidly [1,2]. Therefore, promotion and use of renewable

Abbreviations: CHP, combined heat and power; CSP, concentrating solar power;
DG, distributed generation; LHV, lower heating value; mGT, micro gas turbine; RES,
renewable energy sources; SOC, state of charge; SPM, smart polygenerative
microgrid; TES, thermal energy storage; W-ECoMP, web-based economic cogeneration modular program.
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1
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2352-152X/ ã 2016 Elsevier Ltd. All rights reserved.

energy heating and cooling systems and equipment have become
necessary to fulﬁll the European targets in the renewable energy
sector, as well as to signiﬁcantly contribute to the reduction of
energy consumption and energy import dependence [3]. As a
result, due to a cooperative effort among researchers and
government agencies [4], several innovative efﬁcient systems
have been investigated about polygeneration and DG. These two
energy concepts are intrinsically interconnected, as different
energy technologies can be integrated in polygenerative districts
including CHP (Combined Heat and Power), energy storage (both
electrical and thermal energy storage), Renewable Energy Sources
(RES) generators, multi-fuel heating, electric and non-electric
chilling. In particular, energy storage can signiﬁcantly enhance the
performance of distributed generation as shown in many recent
investigations about the impact of Thermal Energy Storage (TES) in
polygenerative districts [5,6]. Furthermore, DG aims to concentrate
energy production close to the users, reducing or avoiding thermal
and electric losses through the grid and reducing the size of
generators, both traditional and RES, distributing them in different
locations [7]. Nevertheless, according to the unpredictability of
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Thermo-economic optimization of a real polygenerative district
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We model real polygenerative district through an original thermoeconomic approach.
We analyze enhancements and strategy for an optimal exploitation of CHP units.
Exploiting CHP generators’ waste heat could produce signiﬁcant energy savings.
These investments are not so proﬁtable due to their high capital costs.
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A B S T R A C T

This paper presents a real smart polygenerative grid, designed to satisfy energy demands of the University of Genoa, Campus of Savona (Italy). The plant is made up by different generators: conventional boilers,
combined heat and power (CHP) units, electrical and thermal storages and renewable generators.
The analysis of this polygenerative smart-grid is performed exploiting a software developed by the
Authors’ research group, which allows for the time-dependent multi level thermo-economic optimization of polygenerative energy systems. In the models the experimental off-design curves of the real devices
installed were used in order to increase the reliability of the simulation results and to allow model validation to be easily obtained. The grid was simulated considering the time dependent nature of the demands
throughout the whole year, ﬁnding best thermo-economic operational strategy.
Finally, attention is devoted to future lay-out modiﬁcations in order to reduce purchased electricity
from the National grid in summer months, when, as the thermal request decreases, the CHP units are
not currently properly exploited. Two different solutions are analyzed coupling the micro-gas turbine
(mGT) CHP units with absorption chillers or with a small size organic Rankine cycle (ORC) turbine, and
their thermo-economic performances are discussed in depth.
© 2016 Elsevier Ltd. All rights reserved.

1. Introduction
As the global energy demand is increasing, the development of
innovative technologies in order to increase eﬃciency is one of the
most important targets for researchers worldwide. The contribution of energy production and conversion to global green-house gases
(GHG) emissions is about one third (29% according to Refs. 1 and
2). In the last years, many approaches have been tried to face these
environmental problems, improving the use of energy resources,
increasing eﬃciency and reducing waste. In order to ﬁght the climate
change and reduce the GHG emissions, the European Union set the
targets, within 2020, to reduce by 20% the emissions of greenhouse gases, to increase by 20% the energy eﬃciency and to reach
20% of renewables in total energy consumption compared to 1990
levels [3]. In 2011, the European Commission presented the roadmap
to move to a low carbon economy: EU countries have agreed on the
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new framework for climate and energy for 2030, aiming to the reduction of 40% GHG emissions compared to 1990 levels; this
intermediate target aims to help EU to meet the long term 2050 ﬁnal
goal of reducing GHG emissions by 80–95% when compared to 1990
levels [4,5]. These goals can be achieved adopting new technologies and systems for energy production and distribution.
Distributed energy (DE) is an energy concept that offers many
advantages for society, consequently research has been ongoing in
order to improve its eﬃciency [6]. DE can utilize recycled or waste
thermal energy, as well as renewable energy sources [7]. Energy technologies that can be integrated with DE include CHP (combined heat
and power), TES (thermal energy storage), multi-fuel heating, electric and non-electric chilling. In particular, TES can enhance the
performance of DE signiﬁcantly: recent investigation has shown the
impact of TES in polygenerative districts [8,9]. DE can provide efﬁciency, environmental and economic beneﬁts to communities and
energy consumers [10–12]. In this context, the integration of renewable generators to produce electricity (photovoltaic panels, wind
turbines) and heat (thermal solar panels, geothermic pumps) represents an important aspect, as shown in Refs. 13 and 14. Adopting
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a b s t r a c t
3% Ru/Al2 O3 catalyst is active in converting CO2 into methane at atmospheric pressure. At 673 K and
above the thermodynamic equilibrium is nearly attained. At 623 K CH4 yield is above 85%. CO selectivity
increases by decreasing reactants partial pressure apparently more than expected by thermodynamics.
The reaction order for CO2 partial pressure is conﬁrmed to be zero, while that related to hydrogen pressure
is near 0.38 and activation energy ranges 60–75 kJ/mol. Arrhenius plot demonstrates that only at reduced
reactant partial pressure (3% CO2 ) or high contact times, a contribution due to some diffusional limitation
is present. IR study shows that the H2 —reduced catalyst has high-oxidation state Ru oxide species able
to oxidize CO to CO2 at 173–243 K, while after oxidation/reduction cycle the alumina surface acido-basic
sites are freed and the catalyst surface contains both extended Ru metal particles and dispersed low
valence Ru species. IR studies show that the formation of methane, both from CO and CO2 , occurs when
both surface carbonyl species and surface formate species are observed. Starting from CO2 , methane is
formed already in the low temperature range, i.e., 523–573 K, even when CO is not observed in the gas
phase.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
The conversion of CO2 into methane (methanation)
CO2 + 4 H2 → CH4 + 2H2 O

(1)

is one of the possible ways to utilize carbon dioxide thus reducing emissions [1], when hydrogen produced by renewable raw
materials or using waste energy is available [2]. To date, commercial
catalysts optimized for methanation of feeds primarily composed
of carbon dioxide are apparently lacking. Conventional methanation catalysts, optimized to convert feeds containing primarily
carbon monoxide, have been mostly tested as CO2 methanation
catalysts and generally found active [3]. Although commercial Nibased CO methanation catalysts have been found to be active
also for CO2 methanation [4,5] they usually also coproduce signiﬁcant amounts of CO. Ru based catalysts have been reported
since decades to be among the best catalysts for CO2 methanation [6]. Although Ru/TiO2 [7], Ru/SiO2 and Ru/ZSM5 zeolite [8]
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have also been reported to be very active, a number of studies
show good performances of Ru/Al2 O3 catalysts [9–11], essentially
better than Ni/Al2 O3 catalysts [12]. On the other hand, Ru/Al2 O3
catalysts are commercial catalysts for CO methanation for low temperature applications (T < 443 K), such as the Clariant METH-150
catalyst that contains 0.3% ruthenium on alumina [13]. Interestingly, supported ruthenium catalysts are also reported to be the
best for CO hydrogenation to higher hydrocarbons, i.e., the Fischer
Tropsch process [14,15]. Obviously, for the development of a performant CO2 methanation process, catalysts producing methane
with high selectivity, thus with low CO and higher hydrocarbons
coproduction, must be developed.
A point closely related to reaction selectivity is that of reaction
mechanism. Until the 1970s, the mechanism of CO methanation
was supposed to occur through oxygenated intermediates [6], supported also by more recent spectroscopic studies [16]. However,
most recent studies tend to prefer a “via carbide” mechanism,
mainly based on “surface science” investigations performed on
metal monocrystals. As for the mechanism of CO2 methanation, an
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Design optimisation of smart poly-generation energy districts
through a model based approach
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A tool for hierarchical thermo-economic optimisation for energy systems is presented.
Performance curves and costs of real machines installed in the district are considered.
Two co-generative and two tri-generative conﬁgurations are investigated.
Optimal sizes and management for each plant lay-out are determined.
The energetic and economic results are compared to determine the best conﬁguration.
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A B S T R A C T

This paper proposes a time-dependent, thermo-economic hierarchical approach for the analysis of energy
districts and smart poly-generation microgrids, in order to determine the optimal size of different prime
movers, required to meet the energy demand of a generic user. This approach allows for determining
the optimal size for each component of the energy district, as well as deﬁning its most eﬃcient operation management for the entire year, taking into proper account the time-dependent nature of the electrical,
thermal and cooling demands, which are the main constraints of the optimisation problem. Additionally, the proposed method takes into consideration both energy performance and operation costs.
A speciﬁc case study is developed around the smart poly-generation microgrid at the University of
Genoa, Savona Campus (Italy), which has been operational since 2013. In the original design, the microgrid
includes different co-generative prime movers, renewable generators and a thermal storage system. In
a second design an absorption chiller is included to supply the campus’ energy cooling demand.
Obtained results allowed identifying the best operation conﬁguration, from a thermo-economic standpoint, for the considered scenario. The proposed method can be easily replicated in different applications
and conﬁgurations of different smart poly-generative grids.
© 2016 Elsevier Ltd. All rights reserved.

1. Introduction
Nowadays, the most of energy supply worldwide is produced by
combustion of fossil fuels, with the consequent emission of CO2. In
a major effort to reduce its impact and to ﬁght climate changes
related to anthropogenic activities (energy conversion) [1], European Union (EU) set targets aimed to reduce Greenhouses Gases
(GHGs) emissions by 20%, increase energy eﬃciency by 20% and
reach a total of 20% contribution from renewable sources to the total
energy consumed, by year 2020, from 1990 levels [2]. More recently, EU countries have agreed on the new framework for climate
and energy for 2030, aimed to reduce GHG emissions by 40% from
1990 levels; the long term 2050 ﬁnal goal is a low carbon economy,
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where GHG emissions will be reduced by 80–95% from 1990 levels
[3,4]. These ambitious goals can be achieved optimising energy production processes and adopting new technologies for energy
production and distribution. One solution is represented by District Heating (DH), especially if it included Combined Heat and Power
(CHP), renewable energy sources and heat pumps or absorption
chiller for the air conditioning [5–7].
When DH enables the simultaneous production of thermal, electrical and cooling power, it becomes an energy district. Energy
districts are more eﬃcient and provide with greater environmental and economic beneﬁts to communities and energy consumers
[8,9]. In this kind of grids, the integration of renewable energy
sources, however, poses signiﬁcant technical and economic challenges, due to their non-predictable behaviour in terms of energy
production [10–12]. In order to compensate for the high variability of renewable energy sources, energy districts usually include
traditional prime movers and energy storage devices. Energy storage
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a b s t r a c t
In this paper an approach for the determination of the optimal size and management of a plant for hydrogen production from renewable source (photovoltaic panels) is presented.
Hydrogen is produced by a pressurized alkaline electrolyser (42 kW) installed at the University Campus
of Savona (Italy) in 2014 and fed by electrical energy produced by photovoltaic panels. Experimental tests
have been carried out in order to analyze the performance curve of the electrolyser in different operative
conditions, investigating the influence of the different parameters on the efficiency. The results have been
implemented in a software tool in order to describe the behavior of the systems in off-design conditions.
Since the electrical energy produced by photovoltaic panels and used to feed the electrolyser is strongly
variable because of the random nature of the solar irradiance, a time-dependent hierarchical thermoeconomic analysis is carried out to evaluate both the optimal size and the management approach related
to the system, considering a fixed size of 1 MW for the photovoltaic panels. The thermo-economic analysis is performed with the software tool W-ECoMP, developed by the authors’ research group: the Italian
energy scenario is considered, investigating the impact of electricity cost on the results as well.
Ó 2016 Elsevier Ltd. All rights reserved.

1. Introduction
The issues related to environmental rules defined in the last
years have moved researchers to increase the interest in innovative
fuels able to produce low (or zero) emission conditions. In this scenario, hydrogen is considered interesting because it is a fuel able to
avoid any CO2 emission during combustion [1]. However, since
hydrogen is not a natural fuel, it is necessary to produce it throughout chemical, electrochemical or different approaches. An interesting option for its production is water electrolysis employing
electricity from renewable sources [2,3]. Since renewable sources
can produce significant uncontrollable variations during generation, the electrical energy total available amount can be significantly higher than the demand values during peak production.
Considering these aspects, an interesting solution is related to
hydrogen production (using the exceeding energy) performing a
sort of chemical electricity storage. The produced hydrogen flow
can be used for electrical energy generation at high efficiency conditions toward fuel cells and hybrid systems [4]. Even if previous
works were carried out on hydrogen generation from renewable
sources considering electrolysers [5–7], usually just nominal
⇑ Corresponding author. Tel.: +39 0103532443.
E-mail address: mario.ferrari@unige.it (M.L. Ferrari).
http://dx.doi.org/10.1016/j.enconman.2016.02.081
0196-8904/Ó 2016 Elsevier Ltd. All rights reserved.

performance data are available for these kinds of reactors. So, in
this paper the problem was started from a wide experimental campaign producing electrolyser off-design data not published by
manufacturers’ communication documents. Hydrogen generation
from renewable sources and the related storage/utilization aspects
(considering both efficiency and cost issues) have to be considered
starting from calculations [8,9]. Even if several optimization tools
were applied at different cases [8,9] (both conventional or
advanced methods [10–14]) an experimental support is essential
for defining real optimized size and management for real plant
applications. So, in this paper a real test case (considering the
experimental electrolyser curves) was carried out on solar power
source referred to the campus located in Savona (geographical
coordinates: 44°180 28.7100 N 8°280 51.6600 E), Italy.
The Italian generation related to renewable sources is close to
112 TWh: even if the largest amount (52.7 TWh) is produced by
hydroelectric plants, the impact of other renewable sources has
significantly increased. Considering the generation based on
renewable sources related in 2000 [15], a strong increase can be
highlighted (from 51 TWh to 112 TWh), mainly for solar energy
system installations (+21.6 TWh), wind power plants (+14.3 TWh)
and biogas/biomass based systems (+15.6 TWh), while generation
by hydroelectric and geothermal are almost constant. Among the
renewable source based plants installed in Italy, 591,029 systems
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A distributed real-time model of degradation in a solid oxide fuel cell,
part I: Model characterization
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h i g h l i g h t s
 A real-time distributed model of degradation in a SOFC was implemented.
 Degradation was related to local current density, temperature, and fuel utilization.
 Degradation was represented as an increment in ohmic resistance.
 Distributed proﬁles of key cell parameters during degradation were analyzed.
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Despite the high efﬁciency and ﬂexibility of fuel cells, which make them an attractive technology for the
future energy generation, their economic competitiveness is still penalized by their short lifetime, due to
multiple degradation phenomena. As a matter of fact, electrochemical performance of solid oxide fuel
cells (SOFCs) is reduced because of different degradation mechanisms, which depend on operating
conditions, fuel and air contaminants, impurities in materials, and others. In this work, a real-time, one
dimensional (1D) model of a SOFC is used to simulate the effects of voltage degradation in the cell.
Different mechanisms are summarized in a simple empirical expression that relates degradation rate to
cell operating parameters (current density, fuel utilization and temperature), on a localized basis. Proﬁle
distributions of different variables during cell degradation are analyzed. In particular, the effect of
degradation on current density, temperature, and total resistance of the cell are investigated. An analysis
of localized degradation effects shows how different parts of the cell degrade at a different time rate, and
how the various proﬁles are redistributed along the cell as consequence of different degradation rates.
Published by Elsevier B.V.
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1. Introduction
Several mechanisms of degradation affect high temperature fuel
cells, from electrode delamination and electrolyte cracking to
electrode poisoning and microstructure coarsening [1e4]. Some
mechanisms cause a decrement in power output at constant current and others can result in catastrophic failure of the cell. The
nature of these mechanisms is different, and many models have
been developed to analyze different types of degradation, causes
and possible corrective actions [5e10]. In the work from Verda
et al., a CFD model of a SOFC is developed in order to simulate the
degradation of anode, cathode, and electrolyte due to instabilities
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or electrolyte delamination [5]. Virkar models different degradation
phenomena to investigate the effect of a single cell failure in a stack
[6]. The effect of trace species in the anode is studied by Ryan et al.,
where different degradation mechanisms are classiﬁed based on
their physical effect on the cell [7]. Gazzarri and Kesler develop a
ﬁnite elements model of a SOFC to analyze the impact of different
degradation mechanisms on the impedance, proposing a method
for degradation modes identiﬁcation [8]. A correlation between
open circuit voltage and sulfur concentration in the fuel is proposed
by Nagel et al., who investigate the impact of reforming activity on
cell performance [9]. A model of different degradation processes is
used by Nakajo et al. to study the effect of operating conditions on
SOFC lifetime [10]. In this work, a simpliﬁed model is developed for
real-time applications that takes into account localized degradation
in the fuel cell. This work is critical for cyber-physical hardware
simulations of hybrid system performance and impact on fuel cell
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Impatto delle qualifiche CAR e SEU per
l’ottimizzazione di impianti cogenerativi
Nel presente articolo si confrontano due strategie di gestione per un impianto cogenerativo da 100 kWe: la prima strategia è volta a massimizzare i
risparmi di energia primaria, la seconda a massimizzare l’energia elettrica autoconsumata al fine di ridurre il pagamento delle componenti tariffarie a
copertura degli oneri di rete e degli oneri generali di sistema. I risultati delle due strategie sono confrontati sia dal punto di vista energetico che economico.
IMPACT OF SEU AND CAR QUALIFICATIONS FOR COGENERATIVE PLANTS OPTIMIZATION
In the present paper two operational strategies for the optimization of a cogenerative plant of 100kWe size are compared: the first one aims to maximize
the primary energy saving, while the second aims to maximize the self-consumption of electrical energy in order to reduce the impact of the grid and
system costs. The results of the two strategies are compared from both the energetic and economic standpoints.

LE QUALIFICHE CAR E SEU E I RELATIVI VANTAGGI
La Cogenerazione ad Alto Rendimento (CAR) è stata introdotta per la
prima volta in ambito europeo con la Direttiva 2004/8/CE, volta a
favorire la promozione del risparmio di energia primaria attraverso la
produzione combinata di energia elettrica e di calore utile nel mercato
interno dell’energia [1]. La sopra citata direttiva è stata recepita in
Italia con il D.Lgs n.20 del 20 febbraio 2007 [2]; il successivo DM 4
agosto 2011 definisce le grandezze e le caratteristiche da rispettare
affinché la produzione simultanea di energia termica ed elettrica
possa essere definita come CAR [3], mentre il DM 5 settembre 2011
istituisce il nuovo regime di sostegno per la CAR prevedendo che i
benefici debbano essere riconosciuti sulla base del risparmio dell’energia primaria ottenuto, allineando l’Italia ai principali Stati membri
dell’Unione Europea [4].
Per il riconoscimento della condizione di CAR, è necessario fare
riferimento ai criteri, indicati nell’Allegato III del DM 4 agosto 2011,
basati sul concetto di risparmio di energia primaria, meglio noto come
Primary Energy Saving (PES), definito come:
(1)

dove EE ed ET sono rispettivamente la produzione lorda di energia
elettrica/meccanica e la produzione termica utile nel periodo di riferimento; EC è l’energia primaria che alimenta l’impianto nel periodo di
riferimento; ηes e ηts sono i rendimenti elettrici e termici di riferimento,
in funzione della tipologia di impianto in analisi, come riportato in [3]
[4].Prima di procedere con il calcolo del PES, è anzitutto necessario valutare il rendimento globale dell’impianto cogenerativo, definito come:
(2)

L’unità in esame, qualora presenti un rendimento complessivo maggiore
o uguale a un valore di riferimento ηgl,rif (il cui valore è pari a 75% o
80% in funzione della tecnologia considerata, secondo quanto riportato in Allegato 1 al DM 4 agosto 2011) [3], viene analizzata nella
sua interezza e, di conseguenza, il PES viene calcolato considerando
le quantità totali di EE, ET e EC, come riportato in Eq. (1).
Nel caso in cui l’unità presenti un rendimento complessivo minore di
ηgl,rif, essa viene fittiziamente suddivisa in due parti virtuali: la prima caratterizzata da un assetto di funzionamento convenzionale al massimo
recupero termico (con EE,CHP, ET ed EC,CHP), la seconda caratterizzata dalla sola produzione residua di energia elettrica (con EE,nonCHP = EE – EE,CHP
ed EC,nonCHP = EC – EC,CHP). In questo caso, il PES viene calcolato solo in
relazione alla parte virtuale al massimo recupero termico, sostituendo
EE,CHP e EC,CHP rispettivamente a EE e EC nell’Eq. (1).
Una unità cogenerativa (nella sua interezza o limitatamente a una
sua parte virtuale) è classificabile come CAR se il risparmio di energia
primaria è superiore ad un valore minimo prestabilito, differenziato in
funzione della potenza elettrica. Per soddisfare la condizione di CAR,
il PES deve risultare:
-- almeno pari a 0,1 (10%) per le unità di cogenerazione con capacità
di generazione ≥1 MWe;
-- maggiore di 0 per le unità di piccola e micro-cogenerazione (< 1
MWe).
Una unità CAR ha diritto ai cosiddetti Certificati Bianchi (CB), riferiti al
risparmio di energia primaria e pari a:
(3)

dove ηe,rif e ηt,rif assumono i valori riportati nel decreto ministeriale 5
settembre 2011, diversi da quelli utilizzati per il calcolo del PES. In
più, in coerenza con quanto sopra detto, il Risp viene calcolato solo in
relazione alla parte virtuale dell’unità cogenerativa riferita al massimo
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A distributed real-time model of degradation in a solid oxide fuel cell,
part II: Analysis of fuel cell performance and potential failures
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h i g h l i g h t s
 Degradation in a SOFC was studied with a real-time distributed model.
 A degradation rate incremented the ohmic resistance of the cell during time.
 Variables distributed proﬁles during 12,000 h of degradation were analyzed.
 Issues related to thermal management of the cell were highlighted.
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Solid oxide fuel cells are characterized by very high efﬁciency, low emissions level, and large fuel ﬂexibility. Unfortunately, their elevated costs and relatively short lifetimes reduce the economic feasibility of
these technologies at the present time. Several mechanisms contribute to degrade fuel cell performance
during time, and the study of these degradation modes and potential mitigation actions is critical to
ensure the durability of the fuel cell and their long-term stability. In this work, localized degradation of a
solid oxide fuel cell is modeled in real-time and its effects on various cell parameters are analyzed. Proﬁle
distributions of overpotential, temperature, heat generation, and temperature gradients in the stack are
investigated during degradation. Several causes of failure could occur in the fuel cell if no proper control
actions are applied. A local analysis of critical parameters conducted shows where the issues are and how
they could be mitigated in order to extend the life of the cell.
Published by Elsevier B.V.
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1. Introduction
Durability of high temperature fuel cells, such as solid oxide fuel
cells, is signiﬁcantly impacted by diverse mechanisms of degradation, which reduce the fuel cell performance during time and can
cause the failure of the stack. Many are the causes and the direct
consequences of degradation mechanisms in the cell: impurities in
the fuel can cause electrode poisoning delamination, coarsening of
nickel particles, or carbon deposition in the anode; presence of
water vapor in the cathode stream can induce materials segregation; operating conditions can cause phase separation within the
anode, electrolyte cracking, or other detrimental effects [1e7]. Most
of the studies present in the literature focus on the effect of fuel
contaminants on cell performance degradation [8e11]. However,
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the direct effect of fuel cell operating parameters, such as current
density and temperature, on degradation mechanisms has been
observed in the literature [2,12e18]. For this reason, a simpliﬁed,
real-time model of degradation was developed in this work, where
the voltage degradation rate per 1000 h of operation is related to
three operating parameters: current density, fuel utilization and
temperature. Relating degradation to controllable parameters,
rather than non-observable degradation mechanisms, allows to use
control actions to mitigate degradation effects during the cell
lifetime.
In Part I of this paper the real-time, one dimensional model of a
SOFC with localized degradation was described and the behavior of
the main parameters during degradation was shown [19]. All the
details about the model and the employed empirical expression of
the degradation rate were presented in Part I. In this Part II, an
analysis of polarization distributions is performed. Local current
density and temperature proﬁles, shown in the previous part, affect
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Cold-Air Bypass Characterization
for Thermal Management of Fuel
Cell Gas Turbine Hybrids
The effect of cathode airflow variation on the dynamics of a fuel cell gas turbine hybrid
system was evaluated using a cyber-physical emulator. The coupling between cathode
airflow and other parameters, such as turbine speed or pressure, was analyzed comparing the results at fixed and variable speed. In particular, attention was focused on fuel
cell temperatures and gradients: cathode airflow, which is generally employed for thermal management of the stack, was varied by manipulating a cold-air bypass. A significant
difference was observed in the two cases in terms of turbine inlet, exhaust gas, cathode
inlet, and average cell temperatures. When the turbine speed was held constant, a change
in cathode airflow resulted in a strong variation in cathode inlet temperature, while average cell temperature was not significantly affected. The opposite behavior was observed
at variable speed. The system dynamics were analyzed in detail in order to explain this
difference. Open-loop response was analyzed in this work for its essential role in system
identification. However, a significant difference was observed between fixed and variable
speed cases, because of the high coupling between turbine speed and cathode airflow.
These results can give a helpful insight of system dynamics and control requirements.
Cold-air valve bypass position also showed a strong effect on surge margin and pressure
dynamics in both cases. [DOI: 10.1115/1.4035396]
Keywords: advanced energy systems, experimental, fuel cell applications, turbines

Introduction
The hybridization of high-temperature fuel cell and gas turbine
facilitates very high efficiency, increased system flexibility, and
extended fuel cell component lifetime [1–5]. The gas turbine
recovers the waste heat from the fuel cell enhancing the power
production and driving the compressor to pressurize the fuel cell
at no additional cost; hence, efficiency levels are reached, which
are not possible with the separate technologies [3]. However, the
interaction between the two coupled systems presents new significant challenges in terms of controls. In a hybrid system, different
variables, for instance, turbine speed and cathode airflow, are
strongly coupled, i.e., a change in one variable affects the second
one and vice versa. In addition, the time response of the two main
components, fuel cell and gas turbine, are substantially different
[6]. These aspects result in a complicated control of the system.
There are only a few hardware-based facilities in the world
designed to study the coupling of a gas turbine and a solid oxide
fuel cell (SOFC) and the associated control issues [7,8]. The
hybrid performance (HyPer) facility, located in the U.S. Department of Energy, National Energy Technology Laboratory, Morgantown, WV, is the only one designed to evaluate high-speed
dynamic phenomena in hybrid systems. The facility matches hardware and virtual components to take advantages from model flexibility and experimental accuracy [9].
In order to ensure safe operability and optimize the system efficiency, the characterization of the different actuators was performed on the HyPer facility with the final goal of implementing
control systems capable of facing new challenges [10–14]. In
1
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particular, cathode airflow management was considered extremely
important to keep cell temperature and temperature gradients in a
safe range [15], but its variation affected several other parameters
in the system, such as turbine speed, pressure, and surge margin
[11,13,16]. In previous work, the system response to a variation in
cathode airflow was evaluated in open-loop configuration, where
no control action was applied to regulate turbine speed or turbine
inlet temperature (TIT) [13,17,18]. Cathode airflow was changed
via manipulating a hot-air bypass and a cold-air bypass. Coupling
between airflow and turbine speed was shown when the fuel cell
model was in the loop, and transfer functions were developed for
system identification purposes. The nonlinear behavior of some of
the actuators was also investigated without the real-time simulation driving the system [11,12]. A complete characterization of
these actuators was considered very important to study possible
control actions. In this current work, the impact of cathode airflow
variation on the system dynamics was studied comparing two different scenarios: in the first case, turbine speed was free to change
(open-loop configuration), and in the second one, it was kept constant via manipulating the electric load imposed to the turbine
(closed-loop configuration).
Open-loop tests are useful to study the dynamics of the system,
but system response when the speed is controlled is also important
since it represents a realistic plant configuration for large-size systems. A more complete system identification in both scenarios
helps to develop accurate control strategies.

Background
Performance at full- and part-load of hybrid systems, as well as
improved flexibility during transients, was extensively investigated by Barelli et al. [19], Bakalis and Stamatis [20], Magistri
et al. [21], and Komatsu et al.[22]. In particular, control issues and
constraints related to system integration had wide relevance in the
open literature [23–26]. Fuel cell thermal management was
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Abstract. Solar energy has been considered as one of the promising solutions to replace the fossil fuels. To
generate electricity beyond normal daylight hours, thermal energy storage systems (TES) play a vital role in
concentrated solar power (CSP) plants. Thus, a signiﬁcant focus has been given on the improvement of TES
systems from the past few decades. In this study, a numerical model is developed to obtain the detailed heat
transfer characteristics of lab-scale latent thermal energy storage system, which consists of molten salt
encapsulated spherical capsules and air. The melting process and the corresponding temperature and velocity
distributions in every capsule of the system are predicted. The enthalpy-porosity approach is used to model the
phase change region. The model is validated with the reported experimental results. Inﬂuence of initial condition
on the thermal performance of the TES system is predicted.

1 Introduction
One of the important advantages of CSP technology is
the thermal energy storage system, which stores the heat
for later use and increases the hours of electricity
generation and dispatch ability [1,2]. Several methods
of storing thermal energy (sensible, latent and thermochemical) for different temperature ranges have been
carried out from the past few decades. Latent thermal
energy storage (LTES) system with phase change
materials (PCM) is considered as one of the attractive
methods since it provides high volumetric energy storage
density resulting in low capital cost than the sensible heat
storage systems [3,4]. However, a major disadvantage of
LTES is the low heat transfer rate due to high thermal
resistance caused by the low thermal conductivity of the
PCMs. Various methods have been proposed to enhance
the heat transfer rate. Liwu and Khodadadi [5] reviewed
the thermal conductivity enhancement of PCMs for
thermal energy storage applications. Embedded heat
pipes were used by Nithyanandam et al. [6] to enhance the
heat transfer between the HTF and the PCM. The PCM
was mixed with multi-walled carbon nanotubes [7] and
expanded graphite [8] to augment the heat transfer
properties. A design for heat transfer enhancement using
radially ﬁnned tubes was proposed by DLR [9]. Micro
encapsulation method was used by Platte et al. [10].

* e-mail: manuel.romero@imdea.org

A promising approach to overcome this problem is to
increase the heat transfer area between the PCM domain
and the heat transfer ﬂuid. Since a large amount of heat
transfer surface area can be obtained in a small volume,
packed bed TES systems have been developed in recent
times [11].
Liu et al. [12] reviewed the storage materials and
thermal performance enhancement techniques for high
temperature thermal storage systems. Suitable phase
change materials for high temperature processes have
been investigated since the LTES system with PCM has
been identiﬁed as a promising low-cost system for CSP
plants; molten salt has been found as promising material to
be used as the PCM for high temperature storage systems,
range from 100 °C to above 600 °C. Thus, numerical
models have been developed to investigate the thermal
performance characteristics of the LTES system with
molten salt as the PCM [2,11,13–17]. The main aim of this
investigation is to numerically analyze the charging
behavior of latent heat storage system with encapsulated
phase change material in spherical capsules. In order to
study the ﬂuid ﬂow and melting process inside every
capsule of the system and to predict the natural convection
effect, a numerical model is developed. Molten salt is used
as the PCM; the shell of the capsule is made up of polymer.
Air is used as heat transfer ﬂuid (HTF). The processes
occur in solid PCM due to conduction, liquid PCM due
to convection and the solid-ﬂuid interface movements are
predicted in each capsule of the system. The thermal
performance of the system is studied for various operating
parameters.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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Recuperators for micro gas turbines: A review
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h i g h l i g h t s
 A review on recuperators for micro gas turbines is presented.
 Different types of recuperators and material selection are given and compared.
 Research on heat transfer and pressure drop characteristics is summarized.
 Optimization methods used to improve recuperator performance are reviewed.
 Future development of recuperators is discussed.
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a b s t r a c t
Micro gas turbines are a promising technology for distributed power generation because of their compact
size, low emissions, low maintenance, low noise, high reliability and multi-fuel capability. Recuperators
preheat compressed air by recovering heat from exhaust gas of turbines, thus reducing fuel consumption
and improving the system efficiency, typically from 16–20% to 30%. A recuperator with high effectiveness and low pressure loss is mandatory for a good performance. This work aims to provide a comprehensive understanding about recuperators, covering fundamental principles (types, material selection and
manufacturing), operating characteristics (heat transfer and pressure loss), optimization methods, as well
as research hotspots and suggestions. It is revealed that primary-surface recuperator is prior to plate-fin
and tubular ones. Ceramic recuperators outperform metallic recuperators in terms of high-temperature
mechanical and corrosion properties, being expected to facilitate the overall efficiency approaching
40%. Heat transfer and pressure drop characteristics are crucial for designing a desired recuperator,
and more experimental and simulation studies are necessary to obtain accurate empirical correlations
for optimizing configurations of heat transfer surfaces with high ratios of Nusselt number to friction factor. Optimization methods are summarized and discussed, considering complicated relationships among
pressure loss, heat transfer effectiveness, compactness and cost, and it is noted that multi-objective optimization methods are worthy of attention. Moreover, 3D printing and printed circuit heat exchanger
technologies deserve more research on manufacturing of recuperators. Generally, a metallic costeffective primary-surface recuperator with high effectiveness and low pressure drop is a currently optimal option for a micro gas turbine of an efficiency of 30%, while a ceramic recuperator is suggested for a
high efficiency micro gas turbine (e.g. 40%).
Ó 2017 Elsevier Ltd. All rights reserved.
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A solid oxide fuel cell-gas turbine (SOFC-GT) hybrid system that uses such liquid fuels as ethanol is
attractive for distributed power generation for applications in remote rural areas or as an auxiliary power
unit. The SOFC system includes units that require and generate heat; thus, its energy management is
important to improve its efﬁciency. In this study, a SOFC-GT integrated system with the external steam
reforming of ethanol to produce hydrogen for the SOFC is proposed. Two SOFC-GT hybrid systems using a
high-temperature heat exchanger and cathode exhaust gas recirculation are considered under isothermal
conditions. The effects of key operating parameters, such as pressure, fuel use and turbomachinery efﬁciency, on the SOFC-GT hybrid system performance are discussed. The simulation results indicate that
recycling the cathode exhaust gas from the SOFC-GT system requires less fresh air from the compressor,
to maintain the SOFC stack temperature, and the heat recovered from the SOFC system is sufﬁcient to
supply both the fuel processor and air pre-heater. In contrast, an external heat is needed for the SOFC-GT
system coupled to a recuperative heat exchanger.
© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction
Solid oxide fuel cells (SOFCs) are the most promising fuel cell
technology that can be used in a wide range of commercial applications. Because SOFCs operate at high temperatures, their
high-quality exhaust gas can be used for power generation via a
gas turbine (GT) [1]. Combining SOFC and GT (SOFC-GT) systems is
considered for potential power plants with high electrical efﬁciencies of up to 60% [2]. Most SOFC-GT systems are developed
using a natural gas supply for a hydrogen production unit. Due to
environmental concerns, the utilization of renewable fuels,
particularly solid biomass, for hydrogen production has received
considerable attention [3e5]. However, the SOFC system integrated with biomass conversion units for hydrogen generation is
rather complex caused by a requirement of biomass pretreatment
and gas cleaning processes [6]. Alternatively, generating distributed power using liquid fuels is interesting, especially for applications in remote areas and as an auxiliary power unit, which
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generally requires power capacities of approximately multihundred kW [7].
Of the various liquid fuels, ethanol is attractive for electricity
generation using SOFC systems from a thermodynamic and
economical viewpoint [8]. Using ethanol in SOFCs provides several
advantages; it has a relatively high hydrogen content and is easy to
store, handle and transport safely due to its low toxicity and volatility. Furthermore, ethanol can be renewably produced via the
fermentation of agricultural products. In general, ethanol can be
internally reformed into a hydrogen-rich gas within a fuel cell
stack, referred to as an “internal reforming SOFC (IR-SOFC)”,
because the SOFC and reforming process operate in the same
temperature range. The advantage of this approach is the use of the
heat generated by the electrochemical reaction for the endothermic
steam reformation. However, the direct feeding of ethanol into the
fuel cell may degrade the anode catalyst due to carbon formation,
which would decrease the fuel cell performance [9]. Therefore,
reforming ethanol using an external reformer should be
considered.
Operating a SOFC with an external reformer requires much air
ﬂow to control the fuel cell temperature, which increases the energy consumption of the air preheater [10] and degrades the fuel
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Abstract
Coupling a solid oxide fuel cell (SOFC) with a gas turbine
provides a substantial increment in system eﬃciency compared to the separate technologies, which can potentially
introduce economic beneﬁts and favor an early market penetration of fuel cells. Currently, the economic viability of such
systems is limited by fuel cell short lifetime due to a progressive performance degradation that leads to cell failure.
Mitigating these phenomena would have a signiﬁcant impact
on system economic feasibility. In this study, the lifetime of a
standalone, atmospheric SOFC system was compared to a
pressurized SOFC gas turbine hybrid and an economic analysis
was performed. In both cases, the power production was
required to be constant over time, with signiﬁcantly diﬀerent
results for the two systems in terms of fuel cell operating life,
system eﬃciency, and economic return. In the hybrid system,
an extended fuel cell lifetime is achieved while maintaining
high system eﬃciency and improving economic performance.
In this work, the optimal power density was determined for
the standalone fuel cell in order to have the best economic
performance. Nevertheless, the hybrid system showed better
economic performance, and it was less aﬀected by the stack
cost.

Introduction
The integration of a SOFC in a gas turbine cycle brings the
advantage of an extremely high electrical eﬃciency that
cannot be achieved by a gas turbine alone. In particular,
eﬃciency on coal syngas could be competitive with combined cycles, and, especially for small size plants, this type of
system promises the highest conversion eﬃciencies (Massardo
et al., 2002; Song et al., 2006; Park et al., 2011), which
translates to reduced emissions and noteworthy economic
beneﬁts.
Compared to a standalone fuel cell, hybridization with a gas
turbine introduces additional opportunities. Gas turbine
capability for quick load following can improve system ﬂexibility (Mueller et al., 2008; Barelli et al., 2013); furthermore,

J. Glob. Power Propuls. Soc. | 2017, 1: 28–40 | https://doi.org/10.22261/U96IED

28

Applied Energy 206 (2017) 90–100

Contents lists available at ScienceDirect

Applied Energy
journal homepage: www.elsevier.com/locate/apenergy

Real-time state of charge estimation in thermal storage vessels applied to a
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H I G H L I G H T S
of the state of charge in a stratiﬁed water vessel.
• Evaluation
diﬀerent modelling approaches (empirical, mathematical, physical).
• Three
test carried out to assess the models and compare the results.
• Experimental
• Machine management experimental tests with the vessel empirical model.

A R T I C L E I N F O
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In thermal grids and district heating, thermal storage devices play an important role to manage energy demand.
Additionally, in smart polygeneration grids, thermal energy storage devices are essential to achieve high ﬂexibility in energy demand management at relatively low cost. In this scenario, accurate evaluation of state of
charge of storage vessels based on available measurements is critical.
The aim of this paper is to develop and compare three diﬀerent models for state of charge estimation in
stratiﬁed water tanks (discrete temperature measurements) and the related application in an experimental
polygeneration grid with a real-time management tool. The ﬁrst model is based on the empirical calculation of
the state of charge considering the thermal power diﬀerence between generation and consumption, and afterwards correction based on measured temperatures. The second model is a mathematical approach considering a
pre-deﬁned temperature shape ﬁtted with experimental data. The latter model is based on a 1-D physical approach using a multi-nodal method forced on the basis of the measured temperatures. The models were compared considering an experimental test performed in the polygeneration laboratory by the Thermochemical
Power Group (TPG).
As a result of the comparative analysis, the ﬁrst model was selected for applications in complex polygeneration grids, due to its good compromise between accuracy and computational eﬀort. Several tests were
carried out to demonstrate the performance of the empirical approach selected for the thermal storage model
and the economic beneﬁt related to the utilization of this vessel. The experimental plant, constituted by two
diﬀerent prime movers (a 100 kW microturbine and a 20 kW internal combustion engine) and a thermal storage
tank, was able to demonstrate the performance of a real-time management tool. For this reason, special attention
was devoted to the variable cost comparisons.
The novelty of this work lies in the development of the real-time management tool coupled with a thermal
storage model by considering the simpliﬁed modelling approach. This is an essential requisite for complex
polygeneration grids including hundreds or thousands of prime movers and thermal storage devices.
Additionally, it is important to state that in such cases the required real-time performance could be diﬃcult to
obtain. The results, produced with the innovative and ﬂexible experimental rig, demonstrate the positive impact
of thermal storage as well as the eﬀective management performance of this quite simple dispatching approach.
Another important novel aspect regards this experimental assessment considering both speciﬁc 3-h tests and
extended conditions typical of a possible real application.
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The performance of a solid oxide fuel cell (SOFC) is subject to inherent uncertainty in operational and
geometrical parameters, which can cause performance variability and affect system reliability. Operating
conditions such as current demand, cell temperature and fuel utilization play an important role on the
degradation mechanisms, which affect typical SOFCs. In previous work, a deterministic empirical
degradation model of a SOFC was developed as a function of such operating conditions. By the nature of
experimental data and regression ﬁtting, this model was not deterministic. The aim of this work is to
evaluate the impact of the uncertainties in the degradation model through a stochastic analysis. In
particular, the Response Sensitivity Analysis (RSA), an approximate stochastic method based on Taylor
series expansion, is applied to a standalone SOFC model and a fuel cell hybrid system model both
subjected to cell degradation. The attention is principally focused on the impact on the fuel cell lifetime.
To provide an indication of degradation effect and resulting lifetime uncertainty on economic performance, a cursory economic analysis is performed.
© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction
Energy systems are largely affected by aleatory and epistemic
uncertainties, due to tolerances in materials, variable operating
conditions, environmental uncertainty, or inaccurate estimation of
parameters [1e3]. Different ﬁelds of engineering use different ways
to describe this uncertainty and adopt a variety of techniques to
devise designs that are at least partly insensitive or robust to uncertainty. For this reasons, design under uncertainty of energy
systems has been of interest for decades [4,5]. Recently, the
increasing deployment of renewable energy plants has required a
special attention on the uncertainty of renewable sources and its
impact on the economic performance [6].
In engineering ﬁeld, models are typically treated deterministically, even though input values can have signiﬁcant uncertainties
that inevitably propagate through the system to the outputs; this
deﬁciency can be overcome by treating the inputs and consequently the outputs probabilistically. The uncertainties associated
with model input parameters can affect both short- and long-term
performance and consequently cost. In order to reduce the error
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associated with the uncertainty of the input variables, methods for
system design under uncertainty become essential.
The research available in the open literature related to uncertainties in energy systems is mainly focused on steady-state
models [7e9]. Probabilistic methods are mostly applied for optimization purposes and design performance evaluation [2,8,10] and
very few cases are related to dynamic energy system analyses.
Model uncertainties, materials variability, and uncertainty in
operating parameters were considered in SOFC systems and the
effects on the performance were evaluated [7e9,11,12]. Response
sensitivity analysis (RSA) was applied to a proton exchange membrane (PEM) fuel cell in order to count for the uncertainty in load
proﬁle and costs, evaluate the impact on fuel cell performance, and
optimize the design and the operating strategy [2,13]. Model uncertainties were taken into account in a multi-objective optimization approach for a SOFC based system [10].
In analyzing fuel cell long-term performance, it is important to
consider that useful operative life is currently limited by different
degradation mechanisms. As such, particularly in high temperature
fuel cells such as SOFCs, performance degrades over time due to
various mechanisms that reduce the cell active area and consequently the generated power [14,15]. These mechanisms are
inﬂuenced by operating conditions, such as current density and
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h i g h l i g h t s
 A simplified dynamic model of a GTCC bottoming cycle for plant start-up is presented.
 Particular emphasis is placed on determining thermal stress on Steam Turbine rotor.
 To enhance accessibility, the model is developed within Microsoft Excel environment.
 The target system is the 390 MW Tirreno Power GTCC of Napoli Levante (Italy).
 Model validation is pursued against field measurement data (mean error of 5%).
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a b s t r a c t
The main topic of this work is the development and validation of a simplified approach for the dynamic
analysis of a Gas Turbine Combined Cycle (GTCC), with a particular focus on start-up procedure and associated mechanical stresses on the steam turbine (ST). The currently deregulated energy market led GTCC
to undergo frequent startups, a condition often not considered during plant design. Moreover, the time
required for the start-up is crucial under an economical viewpoint, though it is constrained by mechanical stresses imposed to thick components by thermal gradients. The framework proposed in this work
aims to improve the accessibility to simulation software by applying commonly used office suite –
Microsoft Excel/Visual Basic – with acceptable reduction in accuracy. Simplicity of model allow fast computation and its exploitation can be pursued by non-qualified plant operators. The obtained tool can be
than adopted to support decision process during plant operations. The developed tool has been validated
for a hot start-up against field measurements supplied by Tirreno Power S.p.A. Italy. Data are recorded
through control and monitoring sensors of a 390 MW multi-shaft combined cycle based on the GT
AEN94.3 A4 frame, but the results can be easily generalized to other layouts. Simulation result and stress
evaluations around the steam turbine (ST) rotor show good agreement with experimental data.
Ó 2017 Elsevier Ltd. All rights reserved.

1. Introduction
One of the main consequences of energy deregulations is the
operational flexibility required to conventional power plants,
which suddenly has become a key parameter. This has driven
many changes to the whole energy field in recent years [1–3].
Energy plants started to undergo weekly and daily startups and
shutdowns. As a consequence, plant components experience severe mechanical stress. In addition, the increasing share of renewable energy systems, together with restriction on pollutant
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emissions associated to energy production, have been deeply influencing the energy market [4–8]. Nowadays, the challenge deals
with driving power plants from stand-still conditions to energy
production as fast as possible. Hence, turbine manufacturers have
focused their attention on engine quickness and their emissions,
but the problem of efficient management of the whole plant
persists.
In this regards, new ways to fasten the energy systems during
startups [9] as well as in case of rapid transient load conditions
[10], have been studied and tested [11–15]. Moreover, advanced
monitoring technique were introduced to control the productive
parameters of energy systems and life of their components [16–
20]. Analysis on reliability and maintenance turned from a periodical approach to equivalent life-impact due to new high stressing
working conditions. Modern technology and performance of

Journal of CO₂ Utilization 21 (2017) 132–138

Contents lists available at ScienceDirect

Journal of CO2 Utilization
journal homepage: www.elsevier.com/locate/jcou

Feasibility study of methanol production plant from hydrogen and captured
carbon dioxide

MARK

⁎

D. Bellotti , M. Rivarolo, L. Magistri, A.F. Massardo
TPG, University of Genoa, Italy

A R T I C L E I N F O

A B S T R A C T

Keywords:
Power to methanol
CO2 sequestration
Thermo-economic analysis
Innovative methanol production

This paper aims to present a feasibility study of the innovative plant for methanol synthesis from carbon dioxidesequestered by fossil fuel power plant and hydrogen, which is produced by water electrolyzer employing the
over-production on the electrical grid. The thermo-economic analysis is performed in the framework of the
MefCO2 H2020 EU project and it is referred to the German economic scenario, properly taking into account the
real market costs and cost functions for diﬀerent components of the plant. Three diﬀerent plant capacities for
methanol production (4000 10,000 and 50,000 ton/year) have been investigated, assuming an average cost for
electrical energy to feed electrolysers and analyzing the inﬂuence of the most signiﬁcant parameters (oxygen
selling option, methanol selling price and electrolysers’ capital cost) on the proﬁtability of the plant.
The analysis has been performed in W-ECoMP, software for the thermo-economic analysis and plant optimization developed by the University of Genoa.

1. Introduction
Greenhouse gas (GHG) emissions are one of the most important
environmental issues of the twenty ﬁrst century. The largest source of
GHG is the carbon dioxide and its emission has tremendously increased
in the last decades, mainly due to fossil fuels combustion for the power
generation and the automotive transportation.
Moreover, the global energy demand is expected to double by the
2050 and the fossil fuels exploitation will be still predominant in
comparison with the renewable energy penetration that, anyway, is
increasing as well [1]. In consideration of this, the European Commission is adopting more and more stringent environmental regulations
that push the researchers to study innovative systems for the CO2
emissions reduction by developing new fuels, which have low carbon
footprint for the energy production.
Another important aspect is related to the increasing renewable
installed capacity in the energy supply grid and its integration with
traditional power plants: the strongly stochastic and intermittent nature
of the renewable energy sources (RES), in particular wind and solar,
makes the power output variable and unpredictable. This translates into
issues like system balancing and capacity adequacy that, in turn, result
in diﬃcult operating management strategy for traditional power plants
and economic losses as well. The strong development of unpredictable
RES, such as solar and wind, which has the priority of dispatchment to
the energy market, has caused signiﬁcant issues to traditional power
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plants (i.e. combined cycles): forcing them to operate in strong oﬀ-design conditions at lower eﬃciencies and frequent startup/shutdown
that reduce their lifetime as well.
The power-to-liquid systems seem to represent a valiant solution for
the future energy scenarios: a PtL technology concerns a process that is
able to absorb energy (i.e. the overproduction of RES on the grid),
converting and storing that energy in chemical form.
The conversion of renewable energy into the more convenient form
of liquid energy carriers can be an eﬀective way to moderate the RES
intermittency and stabilize the electrical grid, thus avoiding the continuous shut downs that are aﬀecting a number of traditional power
plants. Moreover, in comparison with the gas form, the liquid form
presents less problems in transportation from the both safety and infrastructure point of view.
One of the most promising products for the PtL systems is methanol
(formula CH3OH): it presents liquid form at atmospheric condition; the
melting and boiling point are −97.6 °C and 64.7 °C, respectively.
Methanol is one of the most important building blocks in chemical
industry; it is used as feedstock to synthetize chemicals derivatives such
as formaldehyde, MTBE and acetic acid, which, in turn, are used in
products like adhesives, subﬂoors, solvents, washer ﬂuid etc…[2].
Moreover methanol is largely used in energy-related applications
(about 40% of world production). Methanol presents excellent combustion properties: despite its energy density is about half of the gasoline energy density (20.1 MJ/kg for methanol, 44.3 MJ/kg for
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Experimental Dynamic Analysis
on a T100 Microturbine
Connected With Different
Volume Sizes
This paper shows experimental results obtained from a T100 microturbine connected
with different volume sizes. The activity was carried out with the test rig developed at the
University of Genoa for hybrid system emulation. However, these results apply to all the
advanced cycles where a microturbine is connected with an additional external component responsible for volume size increase. Even if the tests were performed with a microturbine, similar analyses can be extended to large size turbines. A modular vessel was
used to perform and to compare the tests with different volume sizes. To highlight the volume size effect, preliminary experimental results were carried out considering the transient response due to an on/off bleed valve operation. So, the main differences between
system parameters obtained for a bleed line closing operation are compared considering
three different volume sizes. The main results reported in this paper are related to surge
operations. To produce surge conditions in this test rig, a valve operating in the main air
path was closed to generate unstable behavior for the three different volume sizes. Particular focus was devoted to the operational curve plotted on the compressor map. The
vibration frequency analysis showed significant amplitude increase not only during surge
events but also close to the unstable condition. In details, possible surge precursor indicators were obtained to be used for the detection of risky machine operations. The experimental data collected during these tests are analyzed with the objective of designing
control systems to prevent surge conditions. [DOI: 10.1115/1.4037754]

Introduction
The development of advanced cycles based on gas turbine technology showed interesting performance improvement in terms of
both efficiency and emission aspects [1–3]. While humid cycles
and hybrid systems are designed for efficiency improvement (with
related benefits on the CO2 emission reduction [4,5]), innovative
plant layouts are devoted to the integration of renewable energy
sources (e.g., a biomass combustion system or a solar concentration device [6–8]). The recent development of high temperature
energy storage systems could drive gas turbine cycles toward further layout modifications [9,10]. In all the mentioned cases, the
gas turbine connection with such additional components generates
a size increase for the volume located between the compressor
outlet and the combustor inlet [11–13].
The volume size increase is not significantly modifying the
steady-state performance. In details, few changes in the properties
are additional pressure decay through the additional component
and temperature decrease due to the large external surface of this
mentioned additional device. However, important different effects
are present during transient operations due to the increase in
response modification. For this reason, the gas turbine control system has to be carefully modified considering the additional volume effect [14]. This is an important factor to ensure the safe
operation of these advanced cycle power plants without creating
any excessive stress on the components (such as temperature
peaks in critical heat exchangers) or surge condition [13,14]. Such
critical operations in a standard gas turbine with a large volume
additional component are significantly important. This behavior is
particularly significant in the systems which are affected by
1
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several additional constraints (such as fuel cell–based hybrid systems [15–17]). This issue forces to develop a new turbine control
system that has to satisfy a large number of additional constraints
(such as temperature and pressure gradient limitations in fuel
cells) with significant risks of incurring in surge operations
[18,19]. For instance, if the turbines are operated in connection
with large volume components, the standard shutdown procedure
could be affected by a significant slow depressurization rate (in
comparison with a standard layout) leading to surge conditions
[20].
Although several authors have proposed control system solutions to compensate the volume increase effects [13,21–23], surge
risk could be not completely avoided in case of unexpected
conditions due to component degradation or partial failures [23].
Development of further surge prevention techniques based on
measurable precursors is essential for the wide commercial diffusion of such innovative systems based on gas turbine technology.
Since the compressor performance maps are not always available,
reliable, and representative of some operations (e.g., they are not
able to take into account component degradation effects), hence
surge prevention measures based on such maps are not able to
safely prevent surge risks [20]. So, several authors presented
activities to identify possible surge precursors [24,25]. For this
reason, different precursors of surge event based on highfrequency measurements (accelerometers) are proposed in this
work. The detection of an operating condition too close to the
surge zone is an essential information for the control system that
can operate (e.g., opening a bleed valve) to remove the risk
conditions.
Although this is a general issue to be considered for all these
innovative gas turbine systems, in this paper, attention is focused
on small-size plants like the T100 microturbine. This choice is
due to the interest on innovative gas turbine systems for distributed generation (with a special attention on fuel cell hybrid systems) and to the availability of an experimental test rig based on a
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analysis of sensible type thermal energy storage by two diﬀerent approaches.
• Dynamic
model using ANSYS-FLUENT code and a reduced-order model using TRANSEO.
• CFD
validation of the simulation results from both models.
• Experimental
of modelling capability and scope of each model.
• Comparison
• Estimation of total thermal losses from the storage vessel.
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Integration of Thermal Energy Storage (TES) is one of the promising features of Concentrated Solar Power (CSP)
technology which allows the Renewable Energy Sources (RES) to provide uninterrupted and dispatchable power
supply, and thus facilitates the RES grid integration. Hybrid Solar Gas Turbine (HSGT) systems along with TES
integration have gained great attention for the last decades. Numerical modelling and simulation tools are
essential for the TES design optimization and analysis of its thermal behaviour during charging and discharging
phases. This paper deals with the dynamic modelling and experimental validation of a TES at laboratory scale,
which is part of the HSGT system. The TES is modelled with two diﬀerent approaches: the CFD model using a
commercial tool and a reduced-order model using the in-house transient simulation tool TRANSEO, which has
been developed by Thermochemical Power Group (TPG) for the energy system dynamic analysis. The validation
of both model results against the data obtained by the Authors through experimental investigation has highlighted that 2D discretization of the TES through the CFD model gives accurate representation of the thermal
behaviour of the system, but it causes a signiﬁcant computational expense. On the other side, 1D dynamic model
reasonably predicts the time dependent thermal behaviour of TES, except some deviations from the experiments
which are related to the simpliﬁed discretization scheme. However, due to its fast approach, the TRANSEO
model can be eﬀectively used to perform both TES initial design and sensitivity analysis, and also to develop or
verify the control system at a later stage of HSGT system development.

1. Introduction
Global climate change, ﬂuctuating prices and restrained supply of
conventional fuels urge immediate measures to be taken in order to
curtail the greenhouse gas emissions from the fossil fuel ﬁred power
plants. The accelerated deployment of Renewable Energy Sources
(RES), and adopting new technologies for energy production can help
the emerging economies through provision of clean and secure energy
supply, without compromising their economic growth [1–3].
⁎

Concentrated Solar Power (CSP) is one of the promising and rapidly
expanding renewable energy technologies, owing to its features like
wide availability, readiness for hybridization and cost eﬀectiveness.
One of the CSP strengths is the integration of Thermal Energy Storage
(TES), which facilitates the uninterrupted energy production after
sunset and during cloudy days. This signiﬁcantly increases the CSP
capacity factor, thus giving it an edge over solar PV and other renewables. It also enables the dispatchable power generation, which can
facilitate both the grid integration and economic competitiveness of
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Physics-Based Dynamic Models
of Three SOFC/GT Emulator
Test Rigs
This paper presents the development, implementation, and validation of a simplified
dynamic modeling approach to describe solid oxide fuel cell gas turbine (SOFC/GT)
hybrid systems (HSs) in three real emulator test rigs installed at University of Genoa
(Italy), German Aerospace Center (DLR, Germany), and National Energy Technology
Laboratory (NETL, USA), respectively. The proposed modeling approach is based on an
experience-based simplification of the physical problem to reduce model computational
efforts with minimal expense of accuracy. Traditional high fidelity dynamic modeling
requires specialized skills and significant computational resources. This innovative
approach, on the other hand, can be easily adapted to different plant configurations, predicting the most relevant dynamic phenomena with a reduced number of states: such a
feature will allow, in the near future, the model deployment for monitoring purposes or
advanced control scheme applications (e.g., model predictive control). The three target
systems are briefly introduced and dynamic situations analyzed for model tuning, first,
and validation, then. Relevance is given to peculiar transients where the model shows its
reliability and its weakness. Assumptions introduced during model definition for the three
different test rigs are discussed and compared. The model captured significant dynamic
behavior in all analyzed systems (in particular those regarding the GT) and showed influence of signal noise on some of the SOFC computed outputs. [DOI: 10.1115/1.4038152]

Introduction

measurements) to work. When this approach is translated on real
plants, it is not possible to have access to all of the information as
in a simulation environment. This prevents the portability of these
simulation systems and limits the transfer of knowledge. To overcome these issues, common also to neighbor fields such as combined cycle simulations, Gulen and Kim first proposed the
opportunity to favorite the convenience of simulation tools [20].
Their goal was explicitly “to democratize” the field of simulation
of energy systems proposing a viable approach for simulation of
gas turbine combined cycle. The goal of this work is to propose
and validate a framework, which has the same viability philosophy, applied to SOFC/GT hybrid systems. The work proposed by
Gulen and Kim was at first analyzed and discussed in Ref. [21],
and it finally gave light to a model that performs fast start-up simulation [22]. A similar method for HS has been initially proposed
[23] and further developed, discussed, and validated. The goal is
to obtain a simplified model able to dynamically describe a HS.
This kind of model was originally defined to support plant operator decisions [20–22] and to enhance diagnostics of power plant
[22]. The model here proposed has then the same targets, though
also other applications can be outlined [24]. This paper presents
the validation of the proposed approach through three emulator
rigs.

The technology of solid oxide fuel cell gas turbine (SOFC/GT)
hybrid systems (HSs) is widely expected to change the current situation and to boost the average energy efficiency of small size
power system (<1 MW). After decades of research, through
which some big Companies opted to quit the business, generating
some doubts about real feasibility of hybrids, first results are now
available. Fuel cell (FC) energy proposed its first HS configuration
in natural gas distribution [1] and Mitsubishi heavy industries
(Tokyo, Japan) delivered its first prototype to Kyushu University
[2,3], while LG fuel cell system is working on development and
testing of its subMW system. Moreover, General electric entered
the business again proposing its Fuel cell-combined cycle configuration [4]. However, such systems are still far from costeffectiveness. The high costs of an experimental facility based on
a hybrid framework prevent many universities and research centers to conduct experimental campaigns. Only a few highly specialized research centers work on hybrid system emulator rigs,
which do not include a real fuel cell stack [5–11]. As a consequence, many studies must be conducted only at simulation level
[12–19].
Nevertheless, use of simulation tools is hard, for two main reasons: complexity of the environment and multidisciplinary skills
required. In addition, high fidelity simulation models usually
require hundreds of states (i.e., plant information and

Modeling Framework
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In analogy with what was proposed in Ref. [20] and discussed
in Refs. [21] and [22], the presented approach must be considered
a method for dynamic model development. The approach discussed in this section is an extension and development of Ref.
[23]. It results in a sort of hybridization between a physics and a
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Advanced Control for
Clusters of SOFC/Gas
Turbine Hybrid Systems
The use of model predictive control (MPC) in advanced power systems can be advantageous in controlling highly coupled variables and optimizing system operations. Solid
oxide fuel cell/gas turbine (SOFC/GT) hybrids are an example where advanced control
techniques can be effectively applied. For example, to manage load distribution among
several identical generation units characterized by different temperature distributions
due to different degradation paths of the fuel cell stacks. When implementing an MPC, a
critical aspect is the trade-off between model accuracy and simplicity, the latter related
to a fast computational time. In this work, a hybrid physical and numerical approach was
used to reduce the number of states necessary to describe such complex target system.
The reduced number of states in the model and the simple framework allow real-time performance and potential extension to a wide range of power plants for industrial application, at the expense of accuracy losses, discussed in the paper. [DOI: 10.1115/1.4038321]

Introduction
Advanced control strategies are being investigated particularly
for microgrids and distributed generation systems, where the integration of different power devices requires special attention in
load share and grid management. Model predictive control (MPC)
has been considered by many authors for this purpose, in microgrids with or without a fuel cell [1–4]. The advantage of MPC
over other optimal control methods lies in the embedded model
and the prediction horizon control architecture. This gives the
capability of optimizing the control trajectory based on possible
scenarios. When the system is nonlinear or subject to constraints,
or the controlled variables are highly coupled, MPC is considered
a suitable control approach [5].
Solid oxide fuel cell/gas turbine (SOFC/GT) hybrids are an
example of such systems where the use of MPC can be beneficial
[5–7]. SOFCs are complex, nonlinear systems, very sensitive to
thermal stresses, and susceptible to performance degradation over
time [8]. In open literature, the use of multi-input multi-output
MPC was proved to be successful in controlling temperature distribution in an SOFC stack during transients [9,10] and regulating
power output while maintaining constant voltage and fuel utilization (FU) [11].
In the short term, SOFC sizes in the order of 100 kW are
expected to be commercialized. 1 MW size SOFC/GT hybrid
systems (HSs) are considered a short-term objective. To deliver a
more considerable amount of power output, hybrids will be
coupled together to form a cluster of generators, which interfaces
directly with the distribution grid. Integration of more than one
hybrid power plant in parallel in an energy cluster will be necessary to reach size above 1 MW. In this scenario, power share
between the different generators needs to be properly managed.
The problem of load sharing among three SOFC parallel stacks
with different operating conditions was studied by Long et al.,
who implemented an MPC based on neural networks [12]. In the
cited work, the authors demonstrated the controller capability to
optimize power sharing depending on the initial load on each
stack.
An additional challenge is fuel cell degradation over time,
which is a stochastic phenomenon, affected by various operating
variables, and it is not expected to be the same for each stack even
Contributed by the Cycle Innovations Committee of ASME for publication in the
JOURNAL OF ENGINEERING FOR GAS TURBINES AND POWER. Manuscript received July 10,
2017; final manuscript received August 29, 2017; published online January 10, 2018.
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at the same working conditions. Load and temperature fluctuations can aggravate or accelerate degradation of the fuel cell;
hence, when several systems are integrated, degradation conditions can significantly differ from one hybrid system to the other.
Moreover, in cluster systems composed by several subsystems,
any fault can lead to substitution of a particular stack or part of it.
This means that a brand new stack can eventually be coupled with
degraded ones. MPC was remarkably employed in SOFC or
proton-exchange fuel cell systems to take into account fault states
and correct its action accordingly, or even minimize fuel cell deterioration and improve durability [13,14].
The most critical limitation in MPC implementation is the
necessity of a process model that has to be both sufficiently accurate and computationally inexpensive for real-time control. Significant efforts have been made from this point of view in research.
One option is to use a low order model, for instance a lumped volume model, to reduce the complexity in the controller [15–17].
Amedi et al. showed how to reduce a detailed three-dimensional
model using Kalman filter for state estimation, in order to simplify
control design [18]. However, often the accuracy of these models
is limited to a specific range of operations. Both linear and nonlinear autoregressive exogenous models were often used in the literature for control development purposes [19–21]. Neural networks
were also considered a suitable solution by several authors to
reduce controller computational effort [9,13,22]. Wang et al.
designed a linear MPC from a data-driven state-space model
obtained by experimental input–output relationships [23].
In previous work, a mechanistic lumped volume model of a
hybrid system was used to obtain a linear state-space model for an
MPC [24,25]. In order to capture an adequate range of operating
power, three linear models had to be combined and constituted the
multi-MPC [24]. For a 2  2 multi-input multi-output MPC controlling a single stack inlet temperature, almost 200 states were
present in the model, which seriously limited the application of
the controller. The MPC was based on three models linearized
around different operating points.
In this work, a reduced-state model was used to enhance MPC
flexibility in a broad operating range, while the accuracy of the
model was sufficient for prediction of future outputs. A hybrid
modeling approach was used to represent the SOFC gas turbine
power plant. In the proposed mixed approach, physics-based
equations were employed together with empirical relationships
obtained by training on historical experimental (and simulation)
data. This approach preserved the key dynamics of the system
over a broad range of conditions and ensured fast computational
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In the present work, a hydrogen energy model is analyzed. In this model hydrogen is
produced through the electrolysis of water, taking advantage of the electrical energy produced by a renewable generator (photovoltaic panels). The produced hydrogen is chemi-
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cally stored by the synthesis of sodium borohydride (NaBH4). NaBH4 promising features in
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terms of safety and high volumetric density are exploited for transportation to a remote
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site where hydrogen is released from NaBH4 hydrolysis and used for energy production.
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This model is compared from an economic standpoint with the traditional hydrogen
storage and transportation technology (compressed hydrogen in tanks).
This paper presents a thermodynamic and economic analysis of the process in order to
determine its economic feasibility. Data employed for the realization of the model have
been gathered from recent important progresses made on the subject.
The innovative plant including NaBH4 synthesis and transportation is compared from
an economic standpoint with the traditional hydrogen storage and transportation technology (compressed hydrogen in tanks). As a final point, the best technology and the
components' optimal sizes are evaluated for both cases in order to minimize production
costs.
© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction
The increasing stringency of environmental rules set in the
last years has prompted the research to study innovative fuels
with low environmental impact. In this context, hydrogen is
becoming more and more interesting because it is a clean fuel,
with zero CO and CO2 emissions during its combustion [1].
Hydrogen can be produced by several methods such as steam

reforming, coal gasification and water electrolysis. In particular, electrolysis of water is a well-known process that requires electricity, which can be provided by clean and
renewable energy sources [2e17] and, in this case, hydrogen
production is completely a sustainable process from the
environmental standpoint. Hydrogen storage and transport
are critical issues involving intense researches. The problem is
related to the low density of hydrogen gas (0.09 kg/m3 in
standard conditions, that is 8 times lower than methane),
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